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Preface

Transposable elements (TEs) are ubiquitous mobile DNA sequences found in both

prokaryotic and eukaryotic genomes. They are able to insert at different positions of

the genome, either by excising from one position and reinserting into another or by

replicating into daughter copies. TEs are particularly abundant in plant genomes,

where they can represent over 80 % of the bulk of large cereal genomes. Their

discovery by B.McClintock, and the subsequent introduction of the notion of genome

fluidity, was a major shift in our concepts on heredity. TEs can dramatically modify

the structure of host genomes, affect genome sizes and generate genetic variation, not

only by transposition but also by providing the raw material for genomic rearrange-

ments due to their repetitive nature. Until recently, and in spite of B. Mc Clintock’s

seminal concept of “Controlling Elements,” the impact of TEs on host genome

function was merely regarded as circumstantial. A rather different representation

has been brought to light in the last decade, which strongly argues that TEs may also

act as pivotal factors in generating genic variation and modulating cellular gene

expression. This book is intended at presenting the latest advances on the importance

of TEs and on their impact on plant genome dynamics and function.

The TE research scene has recently seen major advances, with new tools such as

Next Generation Sequencing (NGS) technologies opening tremendous possibilities

for rapid global analyses of genomes at reduced costs. This has led to an exponen-

tial increase in the amount of TE-related data and to a deeper knowledge of their

impact on host genomes. As a consequence, all plant researchers engaged in

genomic studies are more or less unwillingly bumping into this wealth of TEs

and are now realizing that these TEs cannot be discarded as annoying junk

sequences anymore. TEs are encountered in both genomic and transcriptomic

data, and in a tremendous variety of elements, including highly defective and

deleted versions sometimes mobilized at surprisingly high levels via related copies,

making their classification a difficult task. There is therefore a need for researchers

to find guidelines to recognize and classify TEs and better understand their impor-

tance and potential impact.

vii



This book is intended both for scientists familiar with the field and for nonspe-

cialists. It is organized in 14 chapters written by recognized researchers and is

centered, on one hand on how to recognize and study plant TEs, notably using

NGS technologies, and, on the other hand, on how TEs impact plant genome structure

and genome function, with a few final examples of exciting TE-mediated phenotypic

impacts. The first few chapters cover important aspects of what are TEs and how they

can be identified and analyzed. Chapter 1 covers recent developments in TE classifi-

cation and annotation and tackles the complex issue of defining consistent guidelines,

while Chap. 2 summarizes and compares computational tools available for TE

identification and provides a road map for efficient annotation. Chapter 3 then

explores how NGS technologies can be used to study TE-mediated genome size

variations and evolutionary patterns that shape the TE compartment, and Chap. 4

describes the recent development of NGS technologies to monitor TE mobility. The

three following chapters provide further insights on some of the best known plant

TEs. Chapter 5 describes the predominant type of TEs found in plant genomes, the

LTR retrotransposons, and the subtle functional interplay between their autonomous

and nonautonomous versions, while Chap. 6 explores the intriguing possibility of the

existence of plant endogenous retroviruses, and Chap. 7 updates our knowledge on

the highly abundant miniature elements, MITEs, and their impact on plant genomes.

Chapter 8 summarizes the current state of affairs for epigenetic mechanisms devel-

oped by plant genomes to control TE mobility and highlights the plasticity of these

mechanisms. The two following chapters address the important issue of TEs in

polyploid contexts: Chap. 9 summarizes current knowledge on TE involvement in

the drastic structural and functional changes resulting from allopolyploidy, a major

speciation process in the plant kingdom, while Chap.10 compares the nature and

evolution of TEs between polyploid sugarcane and other grass genomes. The four

following chapters are dedicated to several striking mechanisms by which TEs have

been exapted by host genomes to distil invaluable tools for modifying genome

function. Chapter 11 describes how a fascinating type of TEs, Helitrons, can capture

gene fragments and describes how such process can lead to new regulatory functions,

and Chap. 12 reviews in detail how plant TE coding sequences have been frequently

domesticated into functional cellular genes. Chapter 13 assesses current knowledge

on the ubiquitous process of SINE exaptation for the production of regulatory RNAs,

and Chap. 14 updates current data on plant LTR retrotransposon stress response and

examines the possibility that LTRs could play a role in modulating host gene

expression. Finally, the last two chapters present particularly striking examples of

TE-associated phenotypic changes. Chapter 15 illustrates the role of the Rider LTR

retrotransposon in several morphological and physiological changes in tomato, while

Chap. 16 describes how small RNAs produced by a non-LTR retrotransposon are

involved in the desiccation tolerance of resurrection plants.

The chapters were conceived and written autonomously, so that they can be read

independently, even though this may have resulted in a few redundancies. Many

other topics could have been covered, and many other beautiful examples of TE

impact on plant genomes could have been exposed, however it was impossible to

assemble all of the chapters that we would have liked to have in this volume, due to
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lack of space. Nevertheless, we feel that the 14 chapters presented in this book

provide altogether a global overview of the most interesting current advances in the

field of plant TE studies, while providing a useful reference vademecum volume for

all (highly welcomed!) newcomers to the field. We hope that they will feel the urge

to better understand what are these repetitive sequences that compose more than

half of their data and that, after consulting this book, they will become convinced

that Transposable Elements are certainly not “junk,” but may actually be by far the

most interesting and fun part of their data!

Finally, we wish to heartily thank all authors of this volume, that all have made

substantial efforts to share our common passion with you and to provide excellent

contributions. We also thank Stefan Hohmann for providing us the opportunity to

compile this volume, the staff at Springer Verlag for their continuous help and

support to make this book possible, and Tom Bureau for correcting this text.

September 2012

Versailles, France Marie-Angèle Grandbastien

Barcelona, Spain Josep M. Casacuberta
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Chapter 1

So Many Repeats and So Little Time:

How to Classify Transposable Elements

Thomas Wicker

Abstract Transposable elements (TEs) are present in all genomes. Often there are

hundreds to thousands of different TE families contributing the majority of the

genomic DNA. Although probably only a very small portion of TEs actually

contributes to the function and thereby to the survival of an organism, they still

have to be analysed, annotated and classified. To filter out the scarce meaningful

signals from the deluge of data produced by modern sequencing technologies,

researchers need to be able to efficiently and reliably characterise TE sequences.

This process requires three things: First, clear guidelines how to classify and

characterise TEs. Second, high-quality databases that contain well-characterised

reference sequences, and third, computational tools for efficient TE searches and

annotations. This article is intended as a summary of recent developments in TE

classification as well as a “little helper” for researchers burdened with the epic task

of TE annotation in genomic sequences.

Keywords Transposable element • Retrotransposon • DNA transposon •

Superfamily • Family • Classification

1.1 Introduction

1.1.1 Early Findings on Genome Sizes and Sequence Complexity

Even before DNA could be sequenced, researchers realised that eukaryotic

genomes show an extreme variation in size (Bennett and Smith 1976). Some studies

reported an over 200,000-fold variation in genome size, namely between the

amoeba Amoeba dubia that has an estimated genome size of 670,000 Mbp (Gregory

T. Wicker (*)
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2001) and the 2.9 Mbp genome of the microsporidium Encephalitozoon cuniculi
(Biderre et al. 1995; Katinka et al. 2001). In the absence of DNA sequence

information, genome sizes were measured by estimating nuclear DNA amounts

through densitometric measurements (e.g. Bennett and Smith 1976). The “sequence

complexity” of genomes was assessed by DNA re-association kinetics. These

experiments showed that the vast differences in genome sizes are due to the

presence of different amounts of “repeating DNA sequences” (Britten et al.

1974), although their nature was completely unknown at that time. Nevertheless,

it was clear early on that the repetitive fraction of a genome is relatively complex

and consists of many different types of repeats. Genomes could even be fractionated

into highly and moderately repetitive sequences by DNA re-association kinetics

(Peterson et al. 2002).

1.1.2 Definition of “Gene Space” and the “C-Value Paradox”

Only when technological advances allowed near-complete sequencing of eukary-

otic genomes, actual gene numbers could finally be estimated. Here, it needs to be

noted that the definition of what actually constitutes the “gene space” of a genome

is still a topic of debate. It certainly includes all “typical” protein-coding genes.

Additionally, many components of the gene space do not encode proteins, such as

the highly repetitive ribosomal DNA clusters, tRNAs and small nucleolar and small

interfering RNAs. Probably, gene space should also include conserved non-coding

sequences (Freeling and Subramaniam 2009) and ultraconserved elements

(Bejerano et al. 2004), although their functions are barely understood. In the

following discussion of gene numbers, I will only refer to protein-coding genes.

1.1.3 The Number of Genes is Similar in All Genomes

As Table 1.1 shows, the estimates of gene numbers differ from species to species, but

for all sequenced eukaryotic genomes they are in a range from 5,000 to 50,000. Thus,

at a first glance, gene numbers vary only by a factor of 10 while genomes sizes, as

described above, vary more than 200,000-fold. The recently finished genome of

Brachypodium distachyon probably has the most stringent gene annotation so far and

possesses 25,554 genes. This gene number is very similar to that of the most recent

version of the Arabidopsis thaliana genome (version 9) that has 26,173 annotated

genes. Even the large maize genome is estimated to contain only about 30,000 genes

(Schnable et al. 2009). Interestingly, these numbers are very similar to those for

vertebrate genomes, because for all sequenced vertebrate genomes, such as human,

mouse, or chicken, genes numbers are now estimated in the range of 25,000–30,000

(Table 1.1). Only fungi and invertebrate animals have clearly fewer genes. Yeast,

with its compact 12 Mbp genome has less than 6,000 genes while insects such as

Anopheles gambiae or Drosophila melanogaster have approximately 12,000 genes

2 T. Wicker



(Table 1.1). Thus, a consensus transpires that most eukaryotes possess between 5,000

and 30,000 genes, making it obvious that only a relatively small fraction of the

genomes sequenced to date actually encode functional genes.

1.1.4 The C-Value Paradox

The fact that gene numbers are very similar while genome sizes vary extremely

came to be known as the “C-value Paradox”. Moreover, depending on which

taxonomic group is analysed, there may be little or no correlation between genome

Table 1.1 Genome sizes and gene numbers in publicly available genomes

Size [Mbp] Genes Reference

Animal genomes

Anopheles gambiae 278 14,000 Holt et al. (2002)

Caenorhabditis elegans 97 19,000 CSC (1998)

Drosophila melanogaster 120 15,200 Adams et al. (2000)

Gallus gallus 1,200 20,000–23,000 ICGSC (2004)

Homo sapiens 2,850 24,000 IHGSC (2004)

Mus musculus 2,500 30,000 MGSC (2002)

Plant genomes

Arabidopsis thaliana 120 26,200 AGI (2000)

Brachypodium distachyon 273 25,500 IBI (2010)

Fritillaria uva-vulpis 87,400 unknown Leitch et al. (2007)

Hordeum vulgare 5,700 38,000–48,000 Mayer et al. (2009)

Oryza sativa 372 40,600 IRGSC (2005)

Physcomitrella patens 462 35,900 Rensing et al. (2008)

Populus trichocarpa 410 45,500 Tuskan et al. (2006)

Sorghum bicolor 659 34,500 Paterson et al. (2009)

Triticum aestivum 16,000 50,000 Choulet et al. (2010)

Vitis vinifera 342 30,400 Jaillon et al. (2007)

Zea mays 2,061 30,000 Schnable et al. (2009)

Fungal genomes

Aspergillus nidulans 30 10,600 http://www.broadinstitute.org

Aspergillus flavus 36.8 12,600 http://www.broadinstitute.org

Fusarium verticilloides 41.8 14,200 http://www.broadinstitute.org

Magnaporthe grisea 42 11,100 Dean et al. (2005)

Saccharomyces cerevisiae 11.7 5,700 http://www.broadinstitute.org

Stagonospora nodurum 37 16,600 http://www.broadinstitute.org

Tuber melanosporum 125 7,500 http://www.broadinstitute.org

Botrytis cinerea 42.6 16,400 http://www.broadinstitute.org

Other genomes

Encephalitozoon cuniculi 2.9 1,997 Katinka et al. (2001)

Amoeba dubia 670,000 unknown Gregory et al. (2001)

AGI Arabidopsis genome initiative, CSC C. elegans sequencing consortium. IBI International

Brachypodium initiative, ICGSC International chicken genome sequencing consortium, IHGSC
International human genome sequencing consortium, IRGSP International rice genome sequencing

consortium, MGSC Mouse genome sequencing consortium

1 So Many Repeats and So Little Time: How to Classify Transposable Elements 3

http://www.broadinstitute.org
http://www.broadinstitute.org
http://www.broadinstitute.org
http://www.broadinstitute.org
http://www.broadinstitute.org
http://www.broadinstitute.org
http://www.broadinstitute.org


size and phylogenetic relationships. This effect is particularly strong on plants

where even very closely related species can have very different genome sizes

(Fig. 1.1). Among the dicotyledonous plants, there is Arabidopsis thaliana, the
first plant which had its genome completely sequenced. With a size of about

120 Mbp (Arabidopsis Genome Initiative 2000), it is one of the smallest plant

genomes known. In contrast, closely related Brassica species that diverged from

Arabidopsis only 15–20 MYA (Yang et al. 1999) have five to ten times larger

genomes. In monocotyledonous plants, variation is even more extreme: The grasses

Brachypodium dystachion, rice and sorghum have genome sizes of 273 Mbp,

389 Mbp and 690 Mbp, respectively, considerably larger than the Arabidopsis
genome but roughly an order of magnitude smaller than the genomes of some

agriculturally important grass species such as wheat and maize, with haploid

genome sizes of 5,700 and 2,500 Mbp, respectively. And even they are still dwarfed

by the genomes of some lilies, among them Fritillaria uva-vulpis which has a

genome size of more than 87,000 Mbp, over 700 times the size of the Arabidopsis
genome (Leitch et al. 2007). Also among Dicotyledons, closely related species

often differ dramatically in their genome sizes. Maize and sorghum, for example

diverged only about 12 MYA (Swigonova et al. 2004), but the maize genome is

more than four times the size of the sorghum genome (Table 1.1, Fig. 1.1).

Fig. 1.1 Phylogenetic relationships and genome sizes in selected plant species. Divergence times

of specific clades are indicated in red numbers next to the corresponding branching. These

numbers are averages of the published values provided in Table 1.1. The scale at the bottom

indicates divergence times in million years ago (MYA). Major taxonomic groups that are

discussed in the text are indicated at the left
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1.2 Transposable Elements

1.2.1 Basics of Selfishness and Junk

As the number of genes is similar in all organisms, it became clear early on that the

factor which mainly determines genome size is the amount of repetitive sequences.

Nowadays we know that the vast majority of these repetitive sequences are in fact

transposable elements (TEs). These elements contain no genes with apparent

importance for the immediate survival of the organism. Instead they contain just

enough genetic information to produce copies of themselves and/or move around in

the genome. For this reason, such sequences are often referred to as “selfish” DNA

(Orgel and Crick 1980). To some degree that disparaging view is justified, because

TEs are small genetic units, actual “minimal genomes”, which contain exactly

enough information to be able to replicate, move around in the genome or both.

They use the DNA replication and translation machinery of their “host” and thrive

within the environment of the genome. For this reason, the term “junk DNA”, is

often used almost synonymously with TE sequences, reflecting the view of TEs

being largely a parasitic burden to the organism.

1.2.2 TE Taxonomy and Classification

Pioneering work in TE classification was done by Hull and Covey (1986), Finnegan

(1989) and Capy et al. (1996). The first publicly available database for TEs was

RepBase (girinst.org/repbase/) by Jerzy Jurka and colleagues who also proposed a

classification system for all TEs (Jurka et al. 2005). In 2007, a group of TE experts

met at the Plant and Animal Genome Conference in San Diego (CA, USA) with the

goal to define a broad consensus for the classification of all eukaryotic transposable

elements. This included the definition of consistent criteria in the characterisation

of the main superfamilies and families and a proposal for a naming system (Wicker

et al. 2007). The proposed system is a consensus of previous TE classification

systems and groups all TEs into 2 major classes, 9 orders and 29 superfamilies

(Fig. 1.2). A practical aspect of the classification system is that the TE family name

should be preceded by a three-letter code for class, order and superfamily (Fig. 1.2).

This was intended to make working with large sets of diverse TEs easier as it

enables simple text-based sorting and allows the immediate recognition of the

classification when seeing the name of a TE. The proposed classification system

is open to expansion as new types of TEs might still be identified in the future. A

system that attempts to cover such a vast and complex biological field is by its

nature reductionist and tends to oversimplify matters. Thus, there is still an ongoing

scientific debate about various aspects of the system (Kapitonov and Jurka 2008;

Seberg and Petersen 2009), some of which will be discussed in more detail below.

1 So Many Repeats and So Little Time: How to Classify Transposable Elements 5



1.2.3 Class and Subclass: The Highest Levels of TE Classification

At the highest taxonomic level, TEs are divided into two classes. Class 1 contains

all TEs that replicate via an RNA intermediate in a “copy-and-paste” process. This

class includes both LTR as well as non-LTR retrotransposons. In Class 2 elements,

Fig. 1.2 Classification system for transposable elements (Wicker et al. 2007a). The classification

divides TEs into two main classes on the basis of the presence or absence of RNA as a transposition

intermediate. They are further subdivided into subclasses, orders and superfamilies. The size of the

target site duplication (TSD), which is characteristic for most superfamilies, can be used as a diagnostic

feature. A three-letter code describes all major groups and is added to the family name of each TE

6 T. Wicker



the DNA itself is moved analogous to a “cut-and-paste” process. Class 2 elements

are further subdivided into subclass 1 and 2. Subclass 1 are the classic cut-and-paste

elements where the DNA is moved with the help of a transposase enzyme. Subclass

2 includes TEs whose transposition process entails replication without double-

stranded cleavage and the displacement of only one strand. The Order Helitron

from Subclass 2 seems to replicate via a rolling-circle mechanism (Kapitonov and

Jurka 2001). Their placement within class 2 reflects the common lack of an RNA

intermediate, but not necessarily common ancestry.

1.2.4 TE Superfamilies Represent Ancient Evolutionary Lineages

The most commonly used level of classification is the assignment of a TE to a

particular superfamily. Superfamilies are ancient evolutionary lineages that arose

during the very early evolution of eukaryotes, some even before the divergence of

prokaryotes and eukaryotes. Superfamilies are mainly defined by homology at the

protein level. That means that two TEs belong to the same superfamily if their

predicted protein sequences show clear homology and can be aligned over most of

their length. Terms like “clear homology” and “most of their length” reflect a plea

to common sense and should not be tightly bound to arbitrary cut-offs based on

E-Values or percent sequence similarity. The fact is that TEs belonging to the same

superfamily (even if they come from very distantly related species) usually share

many conserved amino acid motifs along the length of their predicted proteins

which, importantly for practical work, is usually picked up in a blastx or blastp

search. In contrast, TEs from different superfamilies usually show hardly any

sequence similarity in their encoded proteins. Protein similarity between members

of different superfamilies is reduced to very ancient sequence motifs such as the

DDE or Zn-finger motifs (Capy et al. 1997). Here it has to be noted that sequence

similarity within the same superfamily can only be expected in the “core” enzymes

of the TE elements such as the transposase, reverse transcriptase or integrase, while

fast-evolving proteins such as gag (in LTR retrotransposon) and ORF2 (in many

DNA transposons) often cannot be aligned between members of the same super-

family. The superfamily of SINEs (small interspersed nuclear elements) has a

special status. These small elements do not encode any proteins but are derived

from RNA Polymerase promoters and can therefore only be classified based on

specific DNA motifs.

1.2.5 TEs Show Most Diversity at the Family Level

It is at the family level is where things get really complicated. While the 29

superfamilies are relatively clearly defined, the exact definition of a TE family

is still topic of debate (Kapitonov and Jurka 2008; Seberg and Petersen 2009).

1 So Many Repeats and So Little Time: How to Classify Transposable Elements 7



It is clear that within superfamilies TEs have diverged in to an almost incompre-

hensibly large number of sub-groups and clades. Here, researchers usually intro-

duce the family as the next lower level (after Superfamily). Early on, it became

clear that there must be hundreds or even thousands of different types of TEs

populating genomes (SanMiguel et al. 1998; Wicker et al. 2001). However, the

challenge has been to define criteria for a family that, on one hand, make at least

some biological sense and on the other hand are reasonably simple to apply. Of

course, the most biologically meaningful TE classification would be based on

phylogenetic analysis (Seberg and Petersen 2009). Construction of phylogenetic

trees deduced from DNA or predicted protein sequences allows the identification of

specific clades, and is therefore a classification scheme based on biological criteria.

Such analyses are essential for our understanding of how TEs and genomes evolve.

However, phylogenetic analyses are complex and very labour intensive and require

a thorough knowledge of TEs, but they are relatively irrelevant when it comes

to the initial task of TE identification and annotation, especially in large-scale

genome projects.

1.2.6 The 80–80–80 Rule Revisited

In 2007, several colleagues and I proposed the “80–80–80” rule (Wicker et al.

2007) which became both famous and infamous among researchers working on TE

annotation. The rule says that two TEs belong to the same family if they share at

least 80 % sequence identity at the DNA level over at least 80 % of their total size.

The third criterion simply refers to the minimal size of a putative TE sequence that

should be analysed in order to avoid that unspecific signals are over-interpreted.

The rule was mainly based on practical criteria. We assumed that most researchers

on task to annotate TE sequences would need a simple guideline to classify TE

sequences. In most cases, blastn (DNA against DNA) searches would be performed

as a first step for TE identification. The BLAST algorithm is not able to align DNAs

which are significantly less than 80 % identical. Thus, a given TE sequence will

produce no strong BLASTN alignments if its sequence is significantly less than

80 % identical to sequences in the reference database. The second criterion (80 % of

the entire length of the TE) was introduced to address the problem that different

parts show different levels of sequence conservation within the same TE family.

Most TEs are comprised of protein-coding sequences and regulatory regions. Good

examples illustrating that problem are the long terminal repeat (LTR) retro-

transposon superfamilies. The two LTRs contain promoter and downstream regions

while the internal domain contains mainly protein-coding regions. Comparisons

between many different TE families shows that the regulatory regions evolve much

faster than the coding sequences. Thus, often the DNA sequences of the coding

region might be alignable while up- and downstream regions (e.g. LTRs) are

completely diverged and cannot be aligned. The second criterion of the 80–80–80

rule requires that at least some of the regulatory sequences can be aligned at the
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DNA level. There is at least some biological justification for the 80/80 rule, as

elements which are similar at the DNA level must have originated from a common

“mother” copy in evolutionary recent times.

1.2.7 Biological Meaning vs. Pragmatism in TE Classification

It is clear that a classification rule based simply on the fact that DNA sequences can

be aligned is arbitrary, and it was justifiably criticised (Kapitonov and Jurka 2008;

Seberg and Petersen 2009). Indeed, TE families (we shall stick to the term “family”

for this discussion) sometimes form a continuum, where a sequence from one end of

the spectrum might not be properly alignable with one from the other end. But

within the continuum, it is possible to move from one end to the other by continu-

ously aligning the most similar sequences. Thus, the simple criterion of whether the

DNA sequence of two TEs can be aligned over most of their length can lead to

unclear situations. Nevertheless, in most cases, the criterion works quite well.

Indeed, usually it is not possible to cross the boundary from one TE family to the

other simply by continuously aligning the most similar sequences. For example the

Copia families BARE1 and Maximus from barley show practically no DNA

sequence identity, not even in the most conserved parts of the CDS (Wicker and

Keller 2007). It is, therefore, not possible to cross the boundary from one family to

the other based on alignments of the DNA sequences. If nothing else, the strategy of

defining TE families based on sequence homology is at least pragmatic and allows

classification without complex phylogenetic analyses. Nevertheless, it does not

replace phylogenetic analyses when it comes to the study of evolution.

1.2.8 How Many Different TE Families Are There?

Recently, the classification system of Wicker et al. (2007) was put to the test in the

framework of the International Brachypodium Initiative (2010). The stated goal

was to obtain a TE annotation that is comparable in quality to gene annotation.

Thus, Brachypodium became the first plant genome where a special group, the

Brachypodium repeat annotation consortium (BRAC), was responsible solely for

TE annotation. Great care was taken to isolate and characterise as many TE families

as possible. As shown in Table 1.2, a total of 499 TE families were characterised.

The largest variety was found in LTR retrotransposons which contribute over two-

thirds of all families. They are also the class of elements that contributes most to the

total genome sequence due to their large size. Most abundant in numbers of copies

were small Miniature Inverted-Repeat Transposable Elements (MITEs; Bureau and

Wessler 1994), small non-autonomous DNA transposons. Over 20,000 Stowaway

MITEs of 23 different families were identified. Despite the large effort invested in

TE annotation in the Brachypodium genome, TE annotation is still not complete.
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When sequences were annotated carefully in comparative analyses, dozens of

additional TE families could be identified (Jan Buchmann, pers. comm). Many of

them are low-copy elements which have weak or no homology to previously

described TE families. Thus, the 499 TE families identified in the framework of

the genome project are certainly a minimal number. The Brachypodium genome is

relatively small compared to other plant genomes. However, there is evidence that

the size of larger genomes is mainly due to the excessive expansion of relatively

few TE families, rather than the diversification of countless small families. Espe-

cially in plants, single or a few LTR retrotransposon families can contribute large

parts to the genome (Paterson et al. 2009; Schnable et al. 2009; Wicker et al. 2009).

In fungi, the situation is similar: in the very repetitive genome of barley powdery

mildew, a few dozen TEs completely dominate the repetitive fraction (Spanu et al.

2010). In summary, in most genomes one has to expect hundreds of different TE

families, in some probably thousands. However, fears that there might more TE

families in a single genome than words in the English language (SanMiguel et al.

2002), and thus naming of all individual families would be impossible, seem to be

unfounded.

1.2.9 The Necessity of TE Databases

For the researcher confronted with the epic task to annotate TEs in a genome, it is

essential to have a good reference database of TE sequences. In the best case, this is

a dataset of well-characterised TE sequences. In the worst case, it is a collection of

sequences that are simply known to be repetitive and which were assembled

automatically into contigs. Often the reality lies somewhere between the two. The

most abundant TEs are usually well characterised with respect to their precise

termini and proteins they encode. But for many sequences, one only knows that

Table 1.2 Numbers of TE

families in the genome of the

model grass Brachypodium
distachyon

Superfamily Code Families

Gypsy RLG 147

Copia RLC 133

LTR unknown RLX 56

Non-LTR RIX 3

CACTA DTC 13

Harbinger DTH 44

Mariner DTT 36

Mutator DTM 62

Helitron DHH 5

Total 499

TE are categorised into superfamilies. These numbers refer to

TE families that were characterised in detail in the framework

of the Brachypodium repeat annotation consortium. The actual

number of TE families is known to be higher
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they are repetitive, but the exact size or classification is not known. Repeat

classification and characterisation is still done very much on a species by species.

This is mainly because TEs from different species (if they diverged more than a

dozen million years ago) share very little sequence identity at the DNA level. Thus,

only protein-coding TEs can usually be identified across species boundaries. If one

also wants to precisely annotate non-coding regions and non-autonomous TEs, one

usually needs to generate a TE database for the respective species. There are too

many TE databases for different species available to describe here. The most

inclusive product available today is probably RepBase (girinst.org/repbase/),

which includes TE sequences from many different species. However, the task of

compiling an all-inclusive TE database which adheres to consistent rules is a

monumental one, and it is growing literally by the day.
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Brown JK, Butcher SA, Gurr SJ, Lebrun MH, Ridout CJ, Schulze-Lefert P, Talbot NJ,

Ahmadinejad N, Ametz C, Barton GR, Benjdia M, Bidzinski P, Bindschedler LV, Both M,

Brewer MT, Cadle-Davidson L, Cadle-Davidson MM, Collemare J, Cramer R, Frenkel O,

Godfrey D, Harriman J, Hoede C, King BC, Klages S, Kleemann J, Knoll D, Koti PS,
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Chapter 2

Transposable Element Annotation in Completely

Sequenced Eukaryote Genomes

Timothée Flutre, Emmanuelle Permal, and Hadi Quesneville

Abstract With the development of new sequencing techniques, the number of

sequenced plant genomes is increasing. However, accurate annotation of these

sequences remains a major challenge, in particular with regard to transposable

elements (TEs). The aim of this chapter is to provide a roadmap for researchers

involved in genome projects to address this issue. We list several widely used tools

for each step of the TE annotation process, from the identification of TE families to

the annotation of TE copies. We assess the complementarities of these tools and

suggest that combined approaches, using both de novo and knowledge-based TE

detection methods, are likely to produce reasonably comprehensive and sensitive

results. Nevertheless, existing approaches still need to be supplemented by expert

manual curation. Hence, we describe good practice required for manual curation of

TE consensus sequences.

Keywords Annotation • Bioinformatics • Classification • Curation • Identification •

Pipeline

2.1 Introduction

Transposable elements (TEs) are mobile genetic elements that shape the eukaryotic

genomes in which they are present. They are virtually ubiquitous and make up, for

instance, 20% of a typical D. melanogaster genome (Bergman et al. 2006), 50% of

a H. sapiens genome (Lander et al. 2001), and 85% of a Z. mays genome (Schnable

et al. 2009). They are classified into two classes depending on their transposition

mode: via RNA for class I retrotransposons and via DNA for class II transposons
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INRA, UR 1164, URGI, Unité de Recherche en Génomique-Info,

78026 Versailles cedex, France

e-mail: hadi.quesneville@versailles.inra.fr

M.-A. Grandbastien and J.M. Casacuberta (eds.), Plant Transposable Elements,
Topics in Current Genetics 24, DOI 10.1007/978-3-642-31842-9_2,
# Springer-Verlag Berlin Heidelberg 2012

17

mailto:hadi.quesneville@versailles.inra.fr


(Finnegan 1989). Each class is also subdivided into several orders, superfamilies,

and families (Wicker et al. 2007). Due to their unique ability to transpose and

because they frequently amplify, TEs are major determinants of genome size

(Petrov 2001; Piegu et al. 2006) and cause genome rearrangements (Gray 2000;

Fiston-Lavier et al. 2007). Once described as the “ultimate parasites” (Orgel and

Crick 1980), TEs are commonly found to regulate the expression of neighboring

genes (Feschotte 2008; Bourque 2009) or even to have been domesticated so as to

provide a specific host function (Zhou et al. 2004; Bundock and Hooykaas 2005;

Santangelo et al. 2007; Kapitonov and Jurka 2005).

As a consequence of the development of new rapid sequencing techniques,

the number of available sequenced eukaryotic genomes is constantly increasing.

However, the first step of the analysis, i.e., accurate annotation, remains a major

challenge, particularly concerning TEs. Correct genome annotation of genes and

TEs is an indispensable part of thorough genome-wide studies. Consequently,

efficient computational methods have been proposed for TE annotation (Bergman

and Quesneville 2007; Lerat 2010; Janicki et al. 2011). Given that the pace at which

genomes are sequenced is unlikely to decrease in the coming years; the process of

TE annotation needs to be made widely accessible.

This chapter lays down a clear road map detailing the order in which computational

tools (or combinations of such tools) should be used to annotate TEs in awhole genome.

We distinguish three steps (1) identifying TEs by searching for reference sequences

(e.g., full-length TE sequences) and building consensuses from similar sequences, (2)

manual curation to define and classify TE families, and (3) annotation of every TE

copy. We also provide some hints on manual curation, a step that is still necessary.

2.2 De Novo Detection of Transposable Elements

Various efficient computational methods are available to identify unknown TEs in

genomic sequences. Each method is based on specific assumptions that have to be

understood to optimize selection and combination of the methods to ensure they are

appropriate for any particular analytic goal.

2.2.1 Computing Highly-Repeated Words

TEs, due to their capacity to transpose, are often present in a large number of copies

within the same genome. Although TE sequences degenerate with time, words

(i.e., short subsequences of few nucleotides) that compose them are consequently

repeated throughout the genome. Software, such as the TALLYMER (Kurtz et al.

2008) and P-CLOUDS (Gu et al. 2008), has been designed to find repeats rapidly

in genome sequences by counting highly frequent words of a given length k, called
k-mers. These programs are very useful for quickly providing a view of the repeated
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fraction in a given set of genomic sequences, including especially unassembled

sequences. However, they do not provide much detail about the TEs present in these

sequences. Their output only identifies highly repeated regions without indicating

precise TE fragment boundaries or TE family assignments. These methods are

quick and simple to use but allow only limited biological interpretations and no real

TE annotation.

Other methods also start by counting frequent k-mers but then go on to try to

define consensuses. ReAS (Li et al. 2005) applies this approach directly to shotgun

reads. For each frequent k-mer, a multiple alignment of all short reads containing it

is built and then extended iteratively. REPEATSCOUT (Price et al. 2005) has a

similar approach but works on assembled sequences. These tools return a library of

consensus sequences. Although their results are more biologically relevant than

those of previous methods, the consensuses are usually too short and correspond

to truncated versions of ancestral TEs (Flutre et al. 2011). Substantial manual

inspection and editing is therefore needed to obtain a meaningful list of consensus

sequences.

2.2.2 All-by-All Alignment and Clustering of Interspersed Repeats

Repeats can also be identified by self-alignment of genomic sequences, starting

with an all-by-all alignment of the assembled sequences.

Several tools can be used for this. Some, such as BLAST (Altschul et al. 1997)

and BLAST-like algorithms, use heuristics. For instance, BLASTER (Quesneville

et al. 2003) performs this search by launching BLAST repeatedly over the genome

sequences. Others are exact algorithms. Hence, PALS uses “q-Gram filters” that

unlike a heuristic (e.g., BLAST), it rapidly and stringently eliminates a large part of

the search space from consideration before the alignment search but nevertheless

guarantees not to eliminate a region containing a match (Rasmussen et al. 2005).

As the amount of input data is usually large, the computations are intensive.

Consequently, stringent parameters are applied: good results are obtained with

BLAST-like tools when matches shorter than 100 bp or with identity below 90%

or with an E-value above 1e-300 are dismissed (Flutre et al. 2011). As most TEs are

shorter than 25 kb, segmental duplications can also be filtered out by removing

longer matches. To speed up the computations, such alignment tools can be

launched in parallel on a computer cluster.

With these parameters, only closely related TE copies will be found. Note that the

aim of this step is not to recover all TE copies of a family but to use those that are well

conserved to build a robust consensus (see below). Stringent alignment parameters are

crucial for successful reconstruction of a valid consensus. Interestingly, even with

these stringent criteria, this approach is still more sensitive than other methods for

identifying repeats. However, it is also the most computer intensive. It also misses

single-copy TE families because at least two copies are required for detection by self-

alignment.
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Once the matches corresponding to repeats have been obtained, they need to be

clustered into groups of similar sequences. The aim is for each cluster to correspond

to copies of a single TE family. However, TEs may include divergent interspersed

repeats, often nested within each other, making the task difficult. Algorithms have

been designed to cluster identified sequences appropriately, limiting the artifacts

induced by nested and deleted TE copies and non-TE repeats such as segmental

duplications. The various tools that are available are based on different assumptions

about (1) the sequence diversity within a TE family, (2) the evolutionary dynamics

of TE sequences, (3) nested patterns, and (4) repeat numbers.

GROUPER (Quesneville et al. 2003; Flutre et al. 2011) starts by connecting

fragments belonging to the same copy by dynamic programming, and then applies a

single link clustering algorithm with (1) a 95% coverage constraint between copies

of the same cluster and (2) cluster selection based on the number of copies not

included in larger copies of other clusters. The rational here is to detect copies that

have the same length as they most probably correspond to mobile entities. Indeed,

copies can diverge rapidly by accumulating deletions leading to copies with

different sizes. Copies that are almost intact can transpose conserving their original,

presumably functional, size. RECON (Bao and Eddy 2002) also starts with a single

link-clustering step. If a cluster includes nested repeats and is thus chimerical, it can

be subdivided according to the distribution of its all-by-all genome alignment ends.

Indeed, nested repeats exhibit a specific pattern in alignments of sequences obtained

in an all-by-all genome comparison: the alignment ends of any one inner repeat are

all in the relative same position.

PILER-DF (Edgar and Myers 2005) identifies lists of matches covering a

maximal contiguous region, defines them as piles, and then builds clusters of

globally alignable piles. The rational here is identical to that used by GROUPER

where copies of identical length are sought; however, PILER-DF has no specific

attitude to indels.

The three clustering programs behave differently according to the sequence

diversity of TE families. For instance, GROUPER better distinguishes groups of

mobile elements differing by their sizes inside a TE family. It also better recovers

fragmented copies due to its dynamic programming joining algorithm. But, it

produces more redundant results and only correctly recovers TE families if there

are at least three complete copies. RECON is better for TE families with fewer than

three complete copies, being able to reconstruct the complete TE from fragments.

PILER is fast and very specific. It is a useful option for large genomes when time is

an issue, or if a non-exhaustive search is sufficient.

Once clusters are defined, a filter is usually applied to retain only those with

at least three members, thereby eliminating the vast majority of segmental

duplications. Finally, for each remaining cluster, a multiple alignment is built from

which a consensus sequence is derived. Numerous algorithms are available for this

but only those complying with the following criteria should be used (1) speed,

because the number of clusters is usually very large and (2) ability to handle

appropriately sequences of different lengths, which is the case for the clusters

generated by RECON. MAP (Huang 1994) and MAFFT (Katoh et al. 2002) comply
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with these criteria and give good results (Flutre et al. 2011). Taking the 20 longest

sequences is generally sufficient to build the consensus. The set of consensus

sequences obtained represents a condensed view of all TE families present in the

genome being studied.

For easy identification of TE families, i.e., those for which there are full-length

copies that are very similar to each other, all clustering methods will find roughly the

same consensus. However, for other families, which may be numerous, different

methods generate different clusters, because they rely on different assumptions.

Therefore, manual curation is required to identify an appropriate set of representative

sequences (see below).

This all-by-all genome comparison strategy has been implemented in a pipeline

called TEdenovo (Fig. 2.1). The TEdenovo pipeline is part of the REPET package

(Flutre et al. 2011) and was designed to be used on a computer cluster for fast

calculations. It allows the use of different software at each step to exploit the best

strategy according to the genome size and the TE identification goal.

2.2.3 Features-Based Methods

Alternatively, TEs can be detected using prior knowledge about TE features. For

example, class I LTR retrotransposons characteristically have LTR at both ends of

the element, and this can be used for their detection. Numerous class II TEs

encompass TIR structures that can be used as markers. Many TE families generate

Fig. 2.1 Workflow of the 4-step de novo TE detection pipeline (Flutre et al. 2011)
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a double-strand break when they insert into the DNA sequence. The break is caused

by the enzymatic machinery of the TE that generally cuts the DNA with a shift

between the two DNA strands. After the insertion, DNA repair processes generate a

short repeat of few nucleotides (up to 11) at each end; these repeats are called

Target Site Duplications (TSDs) and are characteristic of particular TE families.

There are many different types of TEs and several tools to detect them are

available (Table 2.1). Most of these tools have been described in detail in various

reviews (Bergman and Quesneville 2007; Lerat 2010; Janicki et al. 2011). Here, we

will address the general principles behind their design.

As class I LTR retrotransposons are easily characterized on the basis of their LTRs

and are abundant in genomes, there have been substantial efforts to design bioinfor-

matics tools for their detection. Some of these tools also use the characteristics of some

of the substructures of the LTR retrotransposons. The programs available are:

LTR_STRUC (McCarthy and McDonald 2003), LTR_MINER (Pereira 2004),

SmaRTFinder (Morgante et al. 2005b), LTR_FINDER (Xu and Wang 2007),

LTR_par (Kalyanaraman and Aluru 2006), find_LTR (Rho et al. 2007), which is

now called MGEscanLTR, LTRharvest (Ellinghaus et al. 2008), and LTRdigest

(Steinbiss et al. 2009) that also identifies protein-coding regions within the LTR

element. The algorithms of these tools are generally divided into two parts: they first

build a data structure to speed up searches for repeats, and then use this structure to

search for repeats in the genomic sequences. For example, LTRharvest builds suffix-

array using the “suffixerator” tool from GenomeTools package (Lee and Chen 2002).

Some of these tools add a third step to refine the search by looking for additional

substructures, such as Primer Binding Sites (PBS) and Poly-Purine Tracks (PPT) that

are important signals for LTR retrotransposon transposition. These programs also

allow searching for TSD and coding regions, including those encoding protein

domains, specific to these TEs.

There are also tools aimed at detecting class I non-LTR retrotransposons, e.g.,

Long Interspersed Nuclear Elements (LINE) and Short Interspersed Nuclear
Elements (SINE). TSDfinder (Szak et al. 2002) is based on the L1 TE insertion

signature which is constituted in part by two Target Site Duplications (TSDs) and a

polyA tail. RTAnalyzer (Lucier et al. 2007) is a Web server that follows the same

approach as TSDFinder. SINEDR (Tu et al. 2004) is designed to look for SINE

elements, a group of non-LTR retrotransposons, in sequence databases. MGEScan-

non-LTR (Rho and Tang 2009) identifies and classifies non-LTR TEs in genomic

sequences using probabilistic models. It is based on the structure of the 12 TE

clades that are non-LTR TEs. It uses two separate Hidden Markov Model (HMM)

profiles, one for the Reverse Transcriptase (RT) gene and one for the endonuclease

(APE) gene, both of which are well conserved among non-LTR TEs.

Class II TEs, but not Helitrons and Cryptons, are structurally characterized by

TIRs. Some class II-specific bioinformatics tools, for example, FindMite (Tu 2001),

Transpo (Santiago et al. 2002), and MAK (Yang and Hall 2003), search for defined

TIR features in sequences. Must (Chen et al. 2009) is designed to search for TEs

containing two TIRs and two direct repeats (i.e., TSD) to identify MITE candidates.

Two new tools were published recently: MITE-Hunter (Han and Wessler 2010)
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Table 2.1 Availability of feature-based detection programs for TE de novo identification

TEclass Program URL Web server or program

I LTR LTR_STRUC http://www.mcdonaldlab.biology.

gatech.edu/finalLTR.htm

Software available upon request

LTR_MINER http://genomebiology.com/2004/5/

10/R79/additional

Script available as additional file

SmartFinder http://services.appliedgenomics.

org/software/smartfinder/

Downloadable software

LTR_FINDER http://tlife.fudan.edu.cn/ltr_finder/ Web server and software

available upon request

LTR_par http://www.eecs.wsu.edu/~ananth/

software.htm

Software available upon request

Find_LTR

(MGEscanLTR)

http://darwin.informatics.indiana.

edu/cgi-bin/evolution/ltr.pl

Downloadable software

LTRharvest http://www.zbh.uni-hamburg.de/

forschung/genominformatik/

software/ltrharvest.html

Downloadable as part of the

genomeTool package (http://

genometools.org/pub/)

LTRdigest http://www.zbh.uni-hamburg.de/

forschung/genominformatik/

software/ltrdigest.html

Downloadable as part of the

genomeTool package (http://

genometools.org/pub/)

I Non-LTR TSDfinder http://www.ncbi.nlm.nih.gov/

CBBresearch/Landsman/

TSDfinder/

Script available as additional file

RTAanalyzer http://www.riboclub.org/cgi-bin/

RTAnalyzer/index.pl?

page ¼ rt_find

Web server

SINEDR Not available Software available upon request

MGEScan-non-

LTR

http://darwin.informatics.indiana.

edu/cgi-bin/evolution/nonltr/

nonltr.pl

Downloadable software

II TIR Transpo http://alggen.lsi.upc.es/recerca/

search/transpo/transpo.html

Web server and downloadable

software

FindMITE No longer available No longer available

MAK No longer available No longer available

MUST http://csbl1.bmb.uga.edu/ffzhou/

MUST/

Web server

MITE-Hunter http://target.iplantcollaborative.

org/mite_hunter.html

Downloadable software

TS clustering Not available Software available upon request

II Helitron HelSearch http://sourceforge.net/projects/

helsearch/files/

Downloadable software

HelitronFinder http://limei.montclair.edu/HF.html Web server and software

available upon request

Feature-based de novo TE identification is generally fast and efficient. Unfortunately, only well-

described TEs that also have a strong signature can be found. Some TEs do not have such

characteristics and thus cannot be found by this type of approach. Consequently, feature-based

de novo TE identification cannot be used alone to provide an exhaustive inventory of TEs in a

genome. Nevertheless, this approach can be used to supplement the findings of all-by-all genome

comparison TE searches, in particular for low copy TE families that are otherwise difficult to

detect. Surprisingly, these feature-based tools also suffer from high false-positive detection rates

such that careful curation is required (data not shown)
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which is a five-step pipeline, with the first step involving a TIR-like structure

search and TS clustering (Hikosaka and Kawahara 2010), which is dedicated to

finding T2-MITEs.

Despite there being no TIR structures in Helitrons, programs have also been

designed for their detection: HelitronFinder (Du et al. 2008) is based on known

consensus sequences and HelSearch (Yang and Bennetzen 2009) looks for a Helend

structure constituted by a six base-pair hairpin and CTRR nucleotide motif.

2.2.4 Evidence for TE Mobility

The identification of a long indel by sequence alignments between two closely

related species is suggestive of the presence of a TE. The rest of the genome can

then be searched for this sequence to assess its repetitive nature. This approach has

been used (Caspi and Pachter 2006) and appears to work well for recent TE

insertions: indeed, it will only detect insertions that occurred after speciation.

Using several alignments with species diverging at different times may lead to

more TEs being identified (Caspi and Pachter 2006), as each alignment allows

detection of TEs inserted at different times. However, one limitation is the difficulty

of correctly aligning long genomic sequences from increasingly divergent species.

This idea could be also usedwithin a genomic sequence by considering segmental

duplications. A long indel apparent in sequence alignments of genomic duplications

may similarly be an indication of the presence of a TE (Le et al. 2000). Various

controls are needed, however, to confirm the TE status of the sequence. For example,

TE features such as terminal repeats (e.g., LTR, TIR) or similarity to other TE

sequences could be used. This approach only detects TE insertions that occur after

the duplication event and may thus be limited to rare events.

TSDs are hallmarks of a transposition event, but they can be difficult to find in

old insertions because they are short, and they can be altered by mutations or

deletions. In addition, the size of the TSD depends on the family and not all TEs

generate a TSD upon insertion.

2.3 Classification and Curation of Transposable

Element Sequences

When they amplify, TE copies may nest within each other in complex patterns

(Bergman et al. 2006), thereby fragmenting the elements. With time, the sequences

accumulate (1) point substitutions, (2) deletions that truncate copies, and (3) insertions

that interrupt their sequences (Blumenstiel et al. 2002). These events generate

complex remnants of TEs. Various de novo tools use these remnants to try to infer

the ancestral sequence that actually transposed.
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When starting with a self-alignment (i.e., all-by-all genome comparison) of

genomic sequences, the optimal strategy is to use several tools and even combine

them. However, all the relevant tools and every de novo approach can encounter

difficulties when trying to distinguish true TEs from segmental duplications, multi-

member gene families, tandem repeats, and satellites. It is, therefore, strongly

recommended to confirm that the predicted sequences can be classified as being

TEs. Computerized analysis therefore still needs to be complemented by manual

curation.

2.3.1 Classification

Sequences believed to correspond to TEs can be classified according to their

similarity to known TEs, for example, those recorded in databases like Repbase

Update (Jurka et al. 2005). A tool called TEclass (Abrusan et al. 2009) implements

a support vector machine, using oligomer frequencies, to classify TE candidates.

However, for most previously unknown TE sequences obtained via de novo
approaches from nonmodel organisms, classification requires the specific identifi-

cation of several TE features [see (Wicker et al. 2007) for complete description]. By

searching for structural features, such as terminal repeats, features characteristic of

various TE types can be identified: long terminal repeats specific to class I LTR

retrotransposons, terminal inverted repeats specific to the class II DNA transposons,

and poly-A or SSR-like tails specific to class I non-LTR retrotransposons.

In addition, using BLASTN, BLASTX, and TBLASTX to compare TE candidates

with a reference data bank, can provide hints for classification, as long as the

reference data bank contains elements similar to the TE candidate. Therefore, it is

also recommended to search for matches for sequences encoding TE-specific

protein profiles in TE sequences. For example, the presence of a transposase gene

is strongly indicative of a class II DNA transposon. Such protein profiles can be

obtained from the Pfam database which includes protein families represented by

multiple sequence alignments and hidden Markov models (HMM) (Finn et al.

2010). These profiles can be used by programs such as HMMER to find matches

within the candidate TE sequences.

Some tools classify TE sequences according to their features, usually via a

decision tree. The TEclassifier in the REPET package (Flutre et al. 2011) and

REPCLASS (Feschotte et al. 2009) searches for all the features listed above. In

addition, REPCLASS allows TE candidates to be filtered on the basis of the number

of copies they have in the genome. TEclassifier interestingly allows the removal of

redundancy from among potential TE sequences. It uses the classification to

eliminate redundant copies (a sequence contained within a longer one) and retains

well-classified TE candidate sequences preferentially over less well-classified TE

candidate sequences. This tool is particularly useful for reconciling different TE

reference libraries obtained independently, as it guarantees to retain well-classified

TE candidate sequences.
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2.3.2 Identification of Families

Once the newly identified TE sequences have been classified, manual curation is

required as some consensus sequences may not have been classified previously and

there may still be some redundant consensus sequences. Manual curation is crucial

because the annotation of TE copies, as described in the next section, depends on

the quality of the TE library. One way to curate a library of TE consensus sequences

is to gather these sequences into clusters that may constitute TE families. A tool like

BLASTCLUST in the NCBI-BLAST suite can quickly build such clusters via

simple link clustering based on sequence alignment coverage and identity. Eighty

percent identity and coverage, as proposed by (Wicker et al. 2007), gives good

results. Typical clusters will contain well-classified consensuses (e.g., class I—

LTR—Gypsy element) as well as unclassified consensuses (without structural

features and little sequence similarity either with known TEs or any TE domain).

Then, computing a multiple sequence alignment (MSA) for each cluster gives a

useful view of the relationships between the consensus sequences such that it is

possible to assess whether they belong to the same TE family. One of the programs

detailed above, MAP or MAFFT, can be used. It can also be informative to build a

MSA with the consensus and with the genomic sequences from which these

consensuses were derived and/or the genomic copies that each of these consensuses

can detect. In such cases, we advise first building a single MSA for each consensus

with the genomic sequences it detects, and then building a global MSA by aligning

these multiple alignments together, for example, using the “profile” option of the

MUSCLE program (Edgar 2004). Finally, after a visual check of the MSA with the

evidence used to assign a classification to the consensus, it is then possible to tag all

consensus sequences in the same cluster with the most frequent TE class, order,

superfamily, and family, if one has been assigned (Fig. 2.2). The MSA can be also

edited by splitting it or deleting sequences to obtain a MSA corresponding to a

single TE family. Indeed, in some cases, consensuses are only similar along a small

segment or display substantial sequence divergence. In these cases, the MSA can be

split into as many MSA as there are candidate TE families. In other cases, an

insertion appears to be specific to one consensus sequences and may sometimes

show evidence (e.g., BLAST hits) for a different TE order. This may indicate a

chimeric consensus that can be either removed from the library, if artifactual

according to the sequences used to build the consensus (also visible in the MSA),

or used to build a new TE family (if several copies support it). In all these cases,

finding a genomic copy that aligns along almost all the length of a consensus (e.g.,

95% coverage) appears to be a reasonable criterion for retaining the consensus.

Those that fail generally appear to be artifacts or at least could be considered to be

of no value.

Phylogenies of TE family copies and/or consensus sequences provide another

view of the members in a TE family. This can serve as an aid to curation if the

cluster has many members or if two or more subfamilies are present. In such cases,

sub-families can be hard to detect by examination of the MSA alone, but may
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become evident in a phylogeny if distinct sub-trees emerge. Such phylogenies can

be constructed from the MSA with currently available software, including the

PhyML program (Guindon and Gascuel 2003). Note, however, as most phylogeny

programs do not consider gaps, branch length may be biased when sequences are of

very different lengths. Divergence between the sequences can also be a criterion.

Some authors (Wicker et al. 2007) have suggested a 80–80–80 rule: two sequences

can be considered to belong to same TE family if they can be aligned along more

than 80 bp, over more than 80% of their length, with more than 80% of identity.

This rule is empirical but appears to be useful for classifying TE sequences into

families that are consistent for the following annotation step, the annotation of their

copies. These authors also suggest a nomenclature system for naming new TEs.

2.4 Annotation of Transposable Element Copies

This third phase annotates all TE copies in the genome, resolving the most complex

degenerate or nested structures. This requires a library of reference sequences

representing the TE families. In the best case, the library is both exhaustive and

non-redundant, i.e., each ancestral TE, autonomous or not, is represented by a

single consensus sequence. We usually use the manually curated library built as

described in the previous section, as well as known TE sequences present in the

public data banks. Note that some TE families, particularly those including

Fig. 2.2 Alignment (Jalview (Clamp et al. 2004) screenshot) of de novo TE consensus sequences

with Athila, the best-matching known TEs in the Repbase Update. They are represented with some

of the features shown: LTRs (red zones), ORFs (blue zone), and matches with HMM profiles

(black). The differences between the consensuses obtained by different methods, here RECON

(cons1) and GROUPER (cons2, cons3, cons4), are indicated. Manual curation would remove

cons3 as it corresponds to a single LTR with short sequences not present in the Athila family

and cons4 as it corresponds to a LTR probably formed from the Athila solo-LTRs of the genome.

A good consensus for the family would be a combination of cons1 and cons2
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structural variants with independent amplification histories, are best represented by

several consensuses. In such cases, manual curation would retain several

consensuses for a family, considered here as nonredundant.

2.4.1 Detecting TE Fragments

The first step mines the genomic sequences with the TE library via local pairwise

alignments. Several tools were designed specifically for this purpose, such as

REPEATMASKER (Smit et al. 1996–2004), CENSOR (Jurka et al. 1996; Kohany

et al. 2006), and BLASTER (Quesneville et al. 2003). Some of these tools incorpo-

rate scoring matrices to be used with particular GC percentages, as is the case for

isochores in the human genome. All these tools propose a small set of parameter

combinations depending on the level of sensitivity required by the user.

Although similar, these tools are complementary. We have shown previously

that combining these three programs is the best strategy (Quesneville et al. 2005).

The MATCHER program (Quesneville et al. 2003) can then be used to assess the

multiple results and keep only the best for each location.

Whatever parameters are used for the pairwise alignments, some of the matches

will be false positives, i.e., a TE reference sequencewill match a locus although noTE

is present. For protein-coding genes, full-length cDNAs can be used for confirmation;

unfortunately, there is no equivalent way of checking for TE annotation. An empirical

statistical filter, such as implemented in the TEannot pipeline (REPET package)

(Flutre et al. 2011), can be used to assess the false positive risk. The genomic

sequences are shuffled and screened with the TE library. The alignments obtained

on a shuffled sequence can be considered as false positives, then the 95-percentile

alignment score is used to filter out spurious alignments obtained with the true

genome. Only the matches with the true genomic sequences having a higher score

are kept. This procedure guarantees that no observed match scores used for the

annotation can be obtained for random sequences with a probably greater than 5%.

2.4.2 Filtering Satellites

Short simple repeats (SSRs) are short motifs repeated in tandem. Many TE sequences

contain SSRs but SSRs are also present in the genome independently. It is therefore

necessary to filter out TE matches if they are restricted to SSR that the TE consensus

may contain. This can be done by annotating SSRs and then removing TE matches

included in SSR annotations. Several efficient programs, for example, TRF (Benson

1999),MREPS (Kolpakov et al. 2003), and REPEATMASKER, are available for SSR

annotation. In TEannot from the REPET package, these three programs are launched

in parallel, and their results are subsequently combined to be used to eliminate hits due

to only SSRs in TE consensuses.
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Satellites are longer motifs, around 100 bp long, also repeated in tandem.

Although they are not TEs, they are sometimes difficult to distinguish because they

may contain parts of TEs. PILER-TA (Edgar and Myers 2005) detects pyramids in a

self-alignment of the genomic sequences. These pyramids can be used to make a

consensus of the satellite unit motif. These consensuses can then be aligned on the

whole genome to find all their occurrences and to distinguish them from TEs.

2.4.3 Connecting TE Fragments to Recover TE Copies

Even when TE fragments have been mapped in the genome, the work is only half-

finished. Indeed, TE copies can be disrupted into several fragments. A complete TE

annotation requires retrieving all copies and thus linking fragments belonging to the

same copy when it has transposed.

The first, historical method was manual curation using dot plots. However, this is

laborious and curator dependent, and is impractical for large genomes. It requires

the curator having detailed knowledge of transposable elements. Moreover, it

ignores the age of nested fragments, potentially leading to incongruities. Therefore

several computational approaches have been proposed. Many of them are reviewed

in the article by Pereira (Pereira 2008).

Joining TE fragments to reconstruct a TE copy is known as a “chain problem” as

it corresponds to finding the best chain of local pairwise alignments. The optimal

solution is found via dynamic programming as implemented in MATCHER. Sub-

sequently, an additional procedure implemented in the TEannot pipeline (Fig. 2.3)

called “long join,” can be used to take into account additional considerations related

to TE biology. Two TE fragments distant from each other but mostly separated by

Fig. 2.3 The four steps of the TEannot pipeline (Quesneville et al. 2005)
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other TE fragments (e.g., at least 95% as in heterochromatin) can be joined as long

as the TE fragments between them are younger. The age can be approximated using

the percent identity of the matches between the TE reference sequences and

the fragments.

2.5 Discussion

The contribution of TEs to genome structure and evolution, and their impact on

genome assembly has generated an increasing interest in the development of

improved methods for their computational analysis. The most common strategy is

to detect pairs of similar sequences at different locations in an all-by-all genome

comparison, and then cluster these pairs to obtain families of repeats. These methods

are not specific to TEs and, therefore, find repeats generated by many different

processes, including tandem repeats, segmental duplications, and satellites. More-

over, TE copies can be highly degenerated, deleted, or nested. So repeat detection

methods can make errors in the detection of individual TE copies and consequently in

defining TE families. We believe that existing automatic approaches still need to be

supplemented by expert manual curation. At this step, careful examination is required

because some identified families that may appear to be artifactual can in fact be

unusual TE families. Indeed, well documented cases illustrate how TEs families can

appear confusing as they may (1) include cellular genes or parts of genes [e.g., pack-

MULEs (Jiang et al. 2004) or Helitrons (Morgante et al. 2005a)], (2) be restricted to

rDNA genes [e.g., the R2 Non-LTR retroelement superfamily (Eickbush et al. 1997)],

or (3) form telomeres [in Drosophila (Clark et al. 2007)]. Close examination of

noncanonical cases may also reveal new and interesting TE families or particular

transposition events [e.g., macrotranspositions (Gray 2000)].

Knowledge-based TE detection methods (i.e., based on structure or similarity to

distant TEs) have distinct advantages over de novo repeat discovery methods. They

capitalize on prior knowledge established from the large number of previously

reported TE sequences. Thus, they are more likely to detect bona fide TEs,

including even those present as only a single copy in the genome. However, these

methods are not well suited to the discovery of new TEs (especially of new types).

Moreover, these methods have intrinsic ascertainment biases. For example,

miniature inverted repeat transposable elements (MITEs) and short interspersed

nuclear elements (SINEs) will be under-identified if only similarity-based methods

are used because these TEs are composed entirely of noncoding sequences.

For some species, only parts of the genomic sequences are available as BAC

sequences assembly. Working on a genome subset could be difficult for all-by-all

genome comparison approaches as a TE might appear not repeated if other copies

are not yet sequenced. Detection sensitivity of such approaches increase on both the

sequenced fraction of the genome and its repeat density. Consequently, according

to the sequence size and the repeat density, all-by-all genome comparison

approaches may be used with more or less success. Interestingly, detection
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sensitivity of knowledge-based approaches (i.e., based on structure or similarity to

distant TEs) is independent of the sequenced fraction, making them highly

recommended here.

Through our experience with many genome projects (Cock et al. 2010; Abad et al.

2008; Amselem et al. 2011; Cuomo et al. 2007; Duplessis et al. 2011; Martin et al.

2008, 2010; Nene et al. 2007; Quesneville et al. 2003, 2005; Rouxel et al. 2011;

Spanu et al. 2010), we have assessed the relative benefits of using different programs

for TE detection, clustering, and multiple alignments. Our investigations suggest that

only combined approaches, using both de novo and knowledge-based TE detection

methods, are likely to produce reasonably comprehensive and sensitive results.

Figure 2.4 shows the general workflow to follow for annotating TEs. In view of

this, the REPET package (Flutre et al. 2011) has been developed. It is composed of

two pipelines, TEdenovo and TEannot. These pipelines launch several different

prediction programs in parallel and then combine their results to optimize the

accuracy and exhaustiveness of TE detection. Even with this sophisticated pipeline,

manual curation is still needed. Hence, in addition to the automation of all the steps

required for the TE annotation, it computes data that are useful for the manual

curation, including TE sequence multiple alignments, TE sequence phylogenies,

Fig. 2.4 Workflow for annotating TEs in genomic sequences
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and TE evidence. Sequencing costs have dropped dramatically and sequences have

thus become easier to obtain. However, sequence analysis remains a major bottle-

neck. Efficient analysis pipelines are required. They need to be quick and robust to

accelerate the pace of data production; they should also exploit the knowledge of the

few specialists able to perform genome analysis on a large scale so that TE

annotations are made available to the wider community of scientists.
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Chapter 3

Using Nextgen Sequencing to Investigate

Genome Size Variation and Transposable

Element Content

Concepcion Muñoz-Diez, Clémentine Vitte, Jeffrey Ross-Ibarra,

Brandon S. Gaut, and Maud I. Tenaillon

Abstract Transposable element (TE) content explains a large part of Eukaryotic

genome size variation. TE content is determined by transposition, removal and host

responses, but the efficiency of these forces is ultimately governed by genetic drift

and natural selection. Contribution of TE families to genome size variation has been

recently quantified using next generation sequencing (NGS) in two species pairs:

Zea mays ssp. mays and Zea luxurians, Arabidopsis lyrata and A. thaliana. In both

interspecific comparisons, genome-wide differences in TE content rather than the

proliferation of a small subset of TE families was observed. We discuss three

nonexclusive hypotheses to explain this pattern: selection for genome shrinkage,

differential efficiency of epigenetic control, and a purely stochastic process of

genome size evolution. Additional genome-wide assessments are needed to assess

the extent to which selection shapes TE genomic content. To facilitate such studies,

we discuss the use of NGS in “orphan” species.
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3.1 Introduction

Eukaryotes vary widely in genome size both within and among species. Genome

sizes were first compared among species based on flow cytometry; subsequently CoT

analyses revealed that most genome size variation is attributable to repetitive DNA.

However, it is only with the development of DNA sequencing that we have been able

to determine both the basis of this variation and to identify the mechanisms underly-

ing it. In plants, for example, the comparison of large orthologous regions through

BAC sequencing has lead to two important observations: first, the intergenic fraction

of genomes is primarily comprised of transposable elements (TEs) and second, much

of the genomic variation observed between species is due to the rapid turnover of TE

sequences in intergenic regions (Ramakrishna et al. 2002; Ma and Bennetzen 2004;

Wang and Dooner 2006).

Further analyses based on complete genome sequences has enabled precise

quantification of the TE fraction for several taxa, revealing that the genomic

fraction of TEs is positively correlated with genome size [Fig. 3.1, see Gaut and

Ross-Ibarra (2008) for a review]. Moreover, analysis of full genomes has allowed

characterization of the molecular bases of sequence turnover in intergenic regions:

TE proliferation and elimination of TE sequences through homologous recombina-

tion and illegitimate recombination (Devos et al. 2002; reviewed in Vitte and

Panaud 2003). Comparison of the extent and timing of the counteracting forces of

proliferation and removal have revealed that large genomes harbor at least a few

highly repetitive TE families in their genome, suggesting that some of the

differences observed may be due to the capacity of some TEs to escape epigenetic

control by the host genome (Vitte and Bennetzen 2006).

Genome size may therefore be determined by (1) the genome’s intrinsic capacity

to suppress TE activity by epigenetic mechanisms, and (2) the ability of TEs to escape

this suppression system. In recent years, this idea has been strengthened by charac-

terization of the molecular bases underlying this suppression system: the transcrip-

tional and posttranscriptional silencing of TE sequences through pathways involving

small interfering RNAs (siRNAs) (Lisch 2009). This characterization has revealed

that siRNAs serve as molecular guides for silencing protein complexes to target TE

sequences. Their presence is, therefore, an indicator of the deployment of a genomic

defencemechanism toward silencing TEs and is correlated with the DNAmethylation

status of targeted sequences (Lister et al. 2008; Schmitz et al. 2011).

Beyond its structural impact on the genomic landscape, variation in TE content

and genome size may have an evolutionary significance (Biemont 2008). For exam-

ple, genome size correlates with rates of plant development, because smaller

genomes presumably facilitate faster cell division and therefore a higher growth

rate. In addition, a few studies have reported within-species correlations between

genome size and ecological variables such as altitude, latitude, and temperature (see

Knight et al. 2005 and references therein) and between genome size and phenotypes

such as flowering time, flower size, leaf size, and photosynthetic rate (for a review,

Knight et al. 2005; Meagher and Vassiliadis 2005). Species with smaller genomes
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Fig. 3.1 Genome size (GS) and transposable element (TE) content of 98 eukaryote species, whose

genomes have been sequenced. The total length of the bars indicates GS while the darker portion
indicates TE content
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also have enhanced colonization potential, due to an increase in seed mass, growth

related traits, and decrease in generation time (Bennett et al. 1998; Grotkopp et al.

2004) that may altogether translate into a greater invasiveness (Lavergne et al. 2010).

While these examples appear to offer convincing evidence of the pervasiveness of

the action of natural selection on genome size variation between and within-species,

alternative hypotheses have been proposed. For example, a purely mechanistic model

in which genome size evolves stochastically at a proportional rate can account for the

skewed distributions of eukaryotic genome size (Oliver et al. 2007), but this model

fails to provide a compelling reason for correlates between ecological factors and

genome size. More recently, Whitney et al. (2010) have reported a lack of relation-

ship between effective population size and genome size in angiosperms. Because

the efficacy of selection is expected to scale with population size, the lack of

relationship may indicate that selection has had little impact on broad-scale genome

size evolution.

In summary, it is now well established that a balance between transposition, TE

sequence removal, and host response determines a genome’s TE content. These

mechanisms are, in turn, affected by population processes, such as genetic drift and

natural selection that ultimately determine the fate of TE insertions in plant

genomes (Tenaillon et al. 2010). However, the extent to which selection shapes

the TE genomic content is still debated. This debate would benefit greatly from

genome-wide assessments that integrate across species and population levels—i.e.,

comparisons of genomes from various environments and taxa. Next Generation

Sequencing (NGS) technologies provide such data, allowing exploration of the

repetitive fraction of genomes.

Thus far, NGS has been employed largely for resequencing targeted regions in

eukaryotic species with reference genomes on which NGS reads can be aligned

(Li et al. 2010b; Xu et al. 2010) or for de novo assembly of prokaryotic or “simple”

eukaryotic genomes with a restricted repetitive fraction (Galagan et al. 2005; Aury

et al. 2008; Tenaillon et al. 2012). While de novo assembly of NGS data from more

complex genomes such as the Giant panda (Li et al. 2010a), the human and

the mouse (Gnerre et al. 2011), and Arabidopsis thaliana (Cao et al. 2011;

Schneeberger et al. 2011) has been achieved, de novo approaches are still tech-

nically limited. Therefore, most NGS projects have been confined to describing

sequence variants in the unique (single-copy) genomic fraction. However, NGS

data can also be used to explore the components of repetitive DNA, such as TEs and

satellite repeats, as well as their contribution to genome size variation within and

among species.

In this chapter we will use the genus Zea as an example to illustrate how this can

be achieved. Furthermore, we will take advantage of the recent publication of the

A. lyrata genome (Hu et al. 2011) to establish a comparison between A. thaliana/
A. lyrata on one hand and Z. mays/Z. luxurians on the other hand, and we will

use these examples to discuss the factors that have contributed to genome size

difference between closely related species. Finally, we will also provide some

guidelines to determine TE content from NGS data in non-model species.
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3.2 Exploring the Repetitive Fraction Within and Among

Species Using NGS: An Example from the Genus Zea

3.2.1 Genome Size Variation in the Genus Zea

The genus Zea is traditionally divided into two sections (Fig. 3.2): Luxuriantes and
Zea. The former encompasses several species, including the annual diploids

Z. luxurians and Z. diploperennis. Section Zea includes a single diploid annual

species (Zea mays), which consists of the cultivated maize (Z. mays ssp. mays) and
its closest wild relatives (ssp. parviglumis and ssp. mexicana). The divergence

between Zea luxurians and Zea mays is estimated to have occurred ~140,000 years

ago (Hanson et al. 1996; Ross-Ibarra et al. 2009).

The genus encompasses extensive variation in genome size both within and

between species. For example, within Zea mays genome size varies 30 % among

cultivated accessions (i.e., landraces and inbred lines) and up to 32 % and 10 % in

ssp. mexicana and ssp. parviglumis, respectively (Fig. 3.2 and included references).
Between species, the average genome size of the diploid Z. luxurians, 2C ¼ 9.07 pg,

is nearly 30 % larger than that of the average Zea mays ssp. mays genome (Fig. 3.2

and included references).

Differences in genome size may have multiple, potentially nonexclusive sources

including whole genome duplication (polyploidy), segmental duplications, an

increase of repetitive DNA (i.e., satellite sequences or TEs), or differential loss of

TEs associated with recombination (Petrov et al. 2000). While Z. luxurians and

Z. mays are both ancient polyploids (Gaut et al. 2000), extensive chromosomal

rearrangements associated with the loss of some homeologs have resulted in the

diploidization of Zea species, with 2n ¼ 10 chromosomes (Table 3.1). Therefore,

variation between and within-species may arise from differences in the retention

and the rate of production of segmental duplications as well as differential proliferation/

elimination of repeated DNA.

In Zea, most repetitive DNA consists of interspersed TEs and heterochromatic

blocks (knobs) which harbor 180- and 360-bp tandem repeats interspersed with

retrotransposons (Peacock et al. 1981; Ananiev et al. 1998). Knob content varies

among individuals of Z. mays, and knobs may be more abundant in Z. luxurians
than in Z. mays (Tito et al. 1991; Gonzalez and Poggio 2011). Fully 85 % of the

maize reference genome sequence consists of TEs, but the 20 most common TE

families comprise ~70 % of the total (Baucom et al. 2009). These 20 families are all

LTR retrotransposons (RNA elements). Amplification of LTR retrotransposons in

the maize genome has been particularly dramatic in the last few million years,

leading to a doubling of genome size (San Miguel and Bennetzen 1998; Brunner

et al. 2005). Investigation of variation in TE copy number between Z. luxurians and
Z. mays for six retrotransposon families using dotblots revealed little evidence of

variation between species (Meyers et al. 2001), suggesting that these TEs may not

have played a major role in genome size differentiation.
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Fig. 3.2 Dendrogram and box plots showing demographic history and genome size variation in Zea.
The branch width and length of the dendrogram are proportional to population size (Ne) and time,

respectively, with scale bars shown (Ross-Ibarra et al. 2009). Divergence between Z. mays ssp.

parviglumis and ssp. mays, and between Z. mays and Z. luxurians, was estimated to be 9,000 years

(Piperno et al. 2009) and 140,000 years, respectively (Hanson et al. 1996; Ross-Ibarra et al. 2009).

The boxes indicate the first quartile (lower line), the second quartile or median (central line), and the
third quartile (upper line). Additionally the whiskers represent the standard deviation with the dots as
the outliers. Genome size data were obtained from Laurie and Bennett (1985), Rayburn et al. (1985),

Rayburn and Auger (1990), Tito et al. (1991), Guillin et al. (1992), Rayburn et al. (1993), Poggio

et al. (1998), and Tenaillon et al. (2011) for a total of 2, 5, 8, 10, and 80 measures in Z. diploperennis,
Z. luxurians, Z. mays ssp. parviglumis, Z. mays ssp. mexicana and Z mays ssp, mays, respectively
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3.2.2 Assessing the Contribution of TE Families to Genome Size
Variation Between Maize and Z. luxurians Using NGS

Recently, Tenaillon et al. (2011) performed a detailed analysis of TE content in one

maize and one Z. luxurians genome using NGS. The approach was bolstered by the

availability of a maize Filtered Gene Set (FGS) consisting of >32,000 high-quality

annotated genes and a maize database of 1,526 exemplar (consensus) sequences

representing distinct TE families and subfamilies (Baucom et al. 2009; Schnable

et al. 2009). The method consisted of three discrete steps (Fig. 3.3). The first was

creating a unique TE database (UTE) from the curated maize exemplar TE database

(Baucom et al. 2009). The purpose of the UTE was to represent each of the 1,526

TE families of maize by their unique sequence signatures in order to minimize NGS

reads that map ambiguously to more than one TE exemplar. In order to do so, each

element of the exemplar TE database was cut into 104 bp fragments that were

mapped against the exemplar TE database using the short read assembler SSAHA2

version 0.1 (Ning et al. 2001) with 80 % identity. Mapping results were used to

determine the per base pair coverage of all 1,526 elements by the other elements

contained in the exemplar TE database. This procedure allowed identification of

portions of TEs not overlapping other elements in the exemplar database and to

Table 3.1 Comparison of life-history traits, population parameters, and genomic content of

Arabidopsis and Zea species

A. lyrata A. thaliana Z. mays Z. luxurians

Divergence time (Myr) 10a 0.140b,c

Effective population

size (Ne)

75,000d 250,000–300,000e 600,000f 50,000b

Mating system Outcrosser Selfer Outcrosser

þRecent

inbreeding

Outcrosser

Genome size (Mb/C) 207a 125a 2,914g 4,435g

Chromosome number 2n ¼ 2x ¼ 16 2n ¼ 2x ¼ 10 2n ¼ 2x ¼ 20 2n ¼ 2x ¼ 20

Genes 32,670a 27,025a 39,656h NA

TE content (% genome) 29.7a 23.7a 85i NA

Ratio gene/TE 0.96a 1.78a 0.18g 0.18g

aHu et al. (2011)
bRoss-Ibarra et al. (2009)
cHanson et al. (1996)
dRoss-Ibarra et al. (2008). Ne value was calculated as the average among five subdivided

populations
eCao et al. (2011)
fGossmann et al. (2010)
gTenaillon et al. (2011)
hhttp://www.maizesequence.org
iSchnable et al. (2009)

NA not available
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restrict the UTE to the sequences found in only a single TE in the exemplar

database. Ultimately, the UTE consisted of 83 % of the original exemplar database,

with 1,514 elements represented for read mapping (Tenaillon et al. 2011).

The second step was to generate high-throughput paired-end Illumina sequencing

of the B73 maize inbred line and the Z. luxurians accession PI441933 (hereafter,

luxurians). The paired-end libraries produced for each sample (B73 and luxurians)
were each sequenced on a single lane of a flow cell with an Illumina Genome

a

b

d

ee

c

Fig. 3.3 Flowchart of the strategy used to analyze the TE content of maize and Z. luxurians
genome using NGS data. The original exemplar TE database, represented here by six elements

(blue bars), is filtered against the repeated regions among elements (black boxes). The resulting

UTE contains the unique portion of each element, sometimes cut into several segments. Paired-end

Illumina data are mapped against the UTE and the FGS, represented here by six genes (red bars).
TE-gene pairs (a) and TE-nested pairs (b) are used to infer the proportions of TEs inserted into

genes versus TEs inserted into other TEs. Read mapping against TEs (c) and genes (d) are used

respectively to count the number of hits against a given element and estimate the coverage of the

Illumina data. Note that because the UTE was not filtered against repeated regions within element

(black boxes), two hits against a single element are counted only once
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Analyzer II, generating ~19 million paired-end reads of 84 and 104 bp in length.

Tenaillon et al. (2011) also determined the genome size of the two accessions

sequenced by flow cytometry: 5.96 pg/2 C for B73 and 9.07 pg/2 C for luxurians.
The third step was mapping the sequencing reads to the B73 reference genome,

the UTE and the FGS, the latter providing an internal control for coverage. Using

SSAHA2 version 0.1 (Ning et al. 2001) reads were mapped against the 1,514

elements of the UTE with 80 % identity, considering alignment length �30 bp.

Reads aligning to a TE under these criteria were counted as single hit to the TE. One

obvious caveat of the UTE is that the method as implemented is only as good as the

annotated TE set, i.e., reads can only be mapped to annotated TEs. Median values of

the distribution of per bp coverage from mapping of B73 and luxurians against each
gene in the FGS were used to determine the genomic coverage of the Illumina data.

In addition, by combining information about mapping against the UTE and FGS, it

was possible to differentiate TEs inserted into other TEs (i.e., the two paired-ends

mapped to two different TEs), from TEs inserted near genes (i.e., one paired-end

mapped to a TE and the other to a gene).

Using the UTE and FGS from the maize reference genome, Tenaillon et al.

(2011) were able to map 76.4 % and 75.5 % of reads to B73 and luxurians,
respectively. They also verified reliability of their method via comparison between

the Illumina data for B73 and the reference B73 genome. They observed >fivefold

more TE-nested pairs than TE-gene pairs in both B73 and luxurians, indicating that
TEs insert much more often in other TEs than genes. Assuming that gene content

was similar between species, Tenaillon et al. (2011) found that at least 70 % of the

50 % genome size difference between maize and Z. luxurians (as determined by

flow cytometry) was due to variability in TE copy number.

But the difference in genome size may have multiple origins. For example, it is

possible that the luxurians genome encompasses genes and TEs that are absent from

the B73 maize genome. These differences may occur as a consequence of differen-

tial genomic loss since species divergence. However, that similar proportions of

reads were observed to map both to the UTE and FGS in both B73 and luxurians
gives little support to this hypothesis, i.e., we would expect to observe significantly

less mapping if TEs or genes present in luxurians were absent from B73. Alterna-

tively, luxurians may exhibit a higher rate of retention of duplicated segments. If

these duplicated segments offer a fair representation of the genome, encompassing

both unique and repetitive DNA, one would expect to conserve similar proportions

of gene to TEs and also TE families between species. Consistently, the proportion

of mapped reads against FGS and UTE was similar in B73 (15.4:84.6) and in

luxurians (14.8:85.2) and the number of hits to TE families was highly correlated

between B73 and Z. luxurians (Fig. 3.4a, r ¼ 0.94).

These observations are consistent with both TEs and genes being involved in

genome size difference. They also reveal that differences in TE content between

species are not due to the proliferation of a handful of TE families, as has been

observed in other genera (Hawkins et al. 2006; Piegu et al. 2006), but rather due to a

shift toward higher copy numbers in Z. luxurians for several hundred different TE

families. Note, however, that Gossypium (Hawkins et al. 2006) and Oryza (Piegu
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et al. 2006) species divergence is much more ancient (on the order of a few million

years) than in Zea, which may contribute to the difference between the observed

patterns. For species with older divergence time, recurrent TE horizontal transfers

between species are more likely to cause bursts of TE proliferation in the recipient

species (Diao et al. 2006). This scenario seems less likely in Zea, not because there
is no gene transfer among species but rather because there are likely no unique TEs

among these recently diverged species that may easily escape the host suppression

system.

3.3 Evolution of TE Profiles Through Evolutionary Times:

A Comparison Between Zea and Arabidopsis

To date, the population dynamics of plant TEs have been studied primarily in the

Arabidopsis species, A. thaliana and A. lyrata, which have relatively small

genomes and for which reference genomes are available (Hu et al. 2011; the

Arabidopsis Genome Initiative 2000). The two species diverged about 10 million

Fig. 3.4 Relative

contribution of TE families to

the genomes of two species

pairs, the maize inbred line

B73 and one accession of

Z. luxurians (a), and the

genomic sequences of

Arabidopsis thaliana and

A. lyrata (b). In (a), TE

content was measured in

1,509 TE families as the

number of Reads per Kilobase

per Million mapped reads

(RPKM) against the B73

Unique Transposable

Element database (UTE).

Values are shown on a log

scale; the data are from

Tenaillon et al. (2011).

In (b), TE copy number was

estimated from the annotation

of the genomic sequence of

A. thaliana and A. lyrata
(Hollister et al. 2011)
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years ago and exhibit several features that make their comparison especially

interesting (Table 3.1). First, A. lyrata is a self-incompatible perennial while

A. thaliana is a self-compatible annual species. Second, A. lyrata has 2n ¼ 16

chromosomes and its genome is larger than 200 Mb, whereas A. thaliana has

2n ¼ 10 chromosomes and one of the smallest angiosperm genomes at about

125 Mb. Third, Hu et al. (2011) have determined that more than 50 % of the

A. lyrata genome appears to be missing from the A. thaliana reference genome but

only about 25 % of the A. thaliana genome is absent from A. lyrata. Overall,
A. thaliana exhibits a much higher ratio of genes to TEs than A. lyrata, and much of

the genome size difference between these two species is likely caused by

(1) reduced transposable element activity, (2) more efficient transposable element

elimination in A. thaliana, especially near genes, or (3) systematic shortening of

nontransposable element intergenic sequences and introns in A. thaliana (Fawcett

et al. 2011; Hu et al. 2011).

Interestingly, Hollister et al. (2011) found a similar trend to the one observed in

the Zea comparison (Tenaillon et al. 2011), which is that the relative contribution of

TE families is well conserved between species (Fig. 3.4b, r ¼ 0.91). Hence, in both

interspecific comparisons, there are genome-wide differences in TE content rather

than the proliferation of a small subset of TE families (as documented inGossypium
and Oryza). Two nonexclusive processes may help to explain this observation.

First, there could be ongoing positive selection for genome shrinkage in both

systems through the loss of TEs and genes. Supporting this idea, fewer insertions

than deletions were found in a population of 95 individuals of A. thaliana among

both segregating polymorphisms and fixed differences, with deletions longer on

average than insertions (Hu et al. 2011). Moreover, a higher intron loss rate in

A. thaliana than A. lyrata has been reported recently, reinforcing the hypothesis of

selection for genome shrinkage (Fawcett et al. 2011). Additionally, simple

calculations (Chevin and Hospital 2008) suggest that, in a species with a large

effective population size similar to Zea mays (Fig. 3.2), even weakly beneficial

mutations (TE deletions in this case) could increase to high frequency in timescales

similar to the divergence between luxurians and Zea mays (Ross-Ibarra et al. 2009).
If selection was driving this pattern, we would expect it to be more efficient in the

species characterized by a greater effective population. While A. thaliana and

Z. mays are thought to have higher effective population sizes than A. lyrata and

Z. luxurians (Table 3.1), consistent with the observed differences in genome size, at

least some estimates find weaker selection in A. thaliana than its congener (Wright

et al. 2001; Lockton and Gaut 2010).

A second explanation is that closely related species may differ in aspects that

control TE proliferation, such as the efficiency of epigenetic modification via

pathways that include small interfering RNAs (siRNAs). Epigenetic mechanisms

act by suppressing the expression of TEs (transcriptional silencing) or by cleaving TE

mRNA (posttranscriptional silencing) (Slotkin et al. 2005; Matzke et al. 2009). Both

pathways achieve site-specificity by homology between siRNA and their target

sequences (Almeida and Allshire 2005). In plants, DICER-LIKE RNase enzymes

produce 21–24-bp siRNA that guides ARGONAUTE and other downstream proteins
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to complementary DNA sequences, thereby promoting and maintaining DNA and

histone methylation (Zhang 2008; Teixeira and Colot 2009). Hence, silenced TE

sequences are generally characterized by identity with siRNAs and dense, even DNA

methylation (Lippman et al. 2004; Zilberman and Henikoff 2007; Lister et al. 2008).

Differences in the efficiency of TE silencing by siRNAs has been investigated in

A. thaliana and A. lyrata (Hollister et al. 2011). Sequences of siRNAs generated by
NGS have been mapped to the two reference genomes and mapped siRNAs have

been used as a proxy for TE methylation. Consistent with the hypothesis of

differences in epigenetic control between the two species, the expression level of

siRNAs was higher in A. thaliana by ~1.7-fold on average than in A. lyrata. The two
species also exhibited a substantial difference in the ratio of uniquely- to multiply-

mapping siRNAs. In fact a much higher proportion of TEs lacked uniquely mapping

siRNA reads in A. lyrata (25 %) than in A. thaliana (10 %). Interestingly, Hollister

et al. (2011) have shown that TEs targeted by uniquely mapping siRNAs are

silenced more efficiently in both species. Altogether, lower TE expression levels,

higher siRNA expression levels, and a higher ratio of unique/multiply-mapping

siRNA signal more efficient silencing in A. thaliana, which correlates with its

genomic characteristics: smaller genome and lower TE copy number. These phe-

nomena should be evaluated in other pairs of closely related species with

contrasting genome sizes, but reference genomes are still lacking in plant species

to apply this approach.

Finally, it is also possible that genome size evolution is subject to a purely

stochastic process in which the rate of genome size evolution (mean and variance)

simply depends on current genome size, i.e., proportional evolution. Oliver et al.

(2007) have supported this model by demonstrating the existence of a positive

correlation between the rate of evolution and the average genome size in 20

eukaryotic taxonomic groups. The analysis of 68 eukaryotic sequenced genomes

has revealed that the variation (as measured by standard deviation) of both the

repetitive, i.e., masked, and unique, i.e., non-masked fraction, were proportional to

the average repeat and unique fraction within a clade, suggesting that genome

expansion is dominated by stochastic processes (Li et al. 2011). However, while

genome size variation between closely related species such as described may be

affected by drift, drift alone is difficult to reconcile with the observed ecological

correlates of genome size.

3.4 Using NGS to Estimate TE Content and Diversity

in Non-model Species

The examples presented above highlight how the availability of a reference genome

and an exemplar TE database helps decipher the molecular origins of differences in

TE content among species, by remapping short reads of DNA, RNA, or siRNAs.
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But most species still lack a reference genome and are not closely related to a model

species with a reference genome. When such a reference genome is not available,

NGS can nonetheless serve to get a better understanding of TE content and diversity

within a genome.

For species where BAC sequences are available, NGS can provide important

help to refine TE annotation. Even though collections of TEs are now available for a

vast number of species, these sequences may be too distant to the TEs of the species

of interest. As a result, NGS reads from the focal species may match only to the

most conserved regions of TEs from well-annotated species. For this reason, direct

annotations of the focal species using computer tools such as Repeatmasker (Bedell

et al. 2000) can lead to erroneous annotations, where TEs appear fragmented

although they are not. The use of computer tools that look for specific structural

features can provide de novo annotations in the focal genome. However, this

approach is limited to TE families that harbor recognizable structural features

(e.g., the terminal repeats of LTR retrotransposons) and to recent TE insertions

that still harbor these features, leaving many TE copies unresolved.

This is where NGS may provide substantial help: TEs, which are repeated, are

likely to show increased coverage as compared to unique sequences. Hence,

mapping of NGS reads to a BAC sequence will delimit regions of high coverage

(likely to be repeated) and regions with low coverage (likely low-copy). This, along

with the annotation of conserved TE regions using TE databases from other species,

may allow precise mapping of element boundaries. Of course, the detection of TE

boundaries will be enhanced as sequencing coverage increases, but even low

coverage may greatly facilitate annotation. NGS may thus be greatly valuable for

TE annotation, which is the first step toward building a reference exemplar TE

database for a given species. The quality and representation of the database will,

however, depend on the number of BACs sequenced and whether they represent

most or only a limited subset of TE families.

For species where no BAC sequences are available, NGS can still be used to

generate consensus copies of the most abundant elements (exemplar TEs). For the

same reasons presented above, highly repetitive elements will be represented by a

large number of sequencing reads, which can then be used to reconstruct de novo

consensus sequences of specific TE families. Such methodology has been

implemented in the AAARF software (DeBarry et al. 2008) and has been success-

fully used on 454 reads. Adaptation of such tools to work on Illumina paired-end

and mate-pair reads will likely provide improvements for TE detection. Note,

however, that this approach will likely provide exemplar TE database of limited

quality since the element builds may correspond to chimeric elements rather than a

consensus sequence of several individual copies. For example, it may prove diffi-

cult to differentiate autonomous elements from their nonautonomous partners,

because both may be merged in a single exemplar element. Nevertheless, such a

database will be useful to determine a first approximation of TE content and

diversity in the genomes of non-model species.
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3.5 Conclusion

NGS technologies have enabled the generation of a vast amount of data. For

complex genomes such as those of plants, their utilization has so far been limited

to the analysis of the non-repetitive fraction of genomes, thus ignoring what is often

the majority of the data. In this chapter, we illustrated how these data could be

utilized to investigate the evolutionary processes driving variation in TE content,

and hence genome size, among closely related species. The approach developed by

Tenaillon et al. (2011) could, for species with a reference genome, be directly

applied at the population level to assess the forces that determine TE content and

the abundance of other heterochromatic repeats, as well as how repeat abundance

relates to genome size variation. Coupled with NGS of siRNAs and mRNAs, such

an approach may also provide substantial insights into the dynamics of TE methyl-

ation, its impact on gene expression (Hollister and Gaut 2009; Hollister et al. 2011),

and more generally on the efficiency of the host response to TE invasion.

Application of this approach to species with no reference genome is more

challenging. As a first step, we propose here to build exemplar TE databases

using NGS to improve TE annotation from BAC sequences or for de novo TE

assembly. Of course, these data will not provide a picture as complete as the one

provided by a reference genome. In particular, it will not allow analysis of individ-

ual TE insertions, therefore hampering investigation of the distribution pattern of

copies (e.g., between genic and nongenic regions) or the analysis of TE regulation

by siRNAs. It nonetheless offers a first estimate of the most abundant elements and

can be applied to many “orphan” species, thus providing a horizontal view of TE

diversity among populations and species.
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Chapter 4

Genome-Wide Analysis of Transposition Using

Next Generation Sequencing Technologies

Moaine Elbaidouri and Olivier Panaud

Abstract Transposable elements (TEs) make a large part of most eukaryotic

genomes and strongly impact their structure, function, and evolution. The identifi-

cation of active TEs in a genome is, therefore, essential in order to fully understand

its dynamics at both structural and functional levels. The recent advent of new

sequencing technologies, often referred to as next generation sequencing (NGS)

technologies, has opened new doors to study structural variations at full genome

scale. Although restricted so far mostly to human studies, these new strategies have

shown to be highly efficient and promising in few other model species, including

the two plant species Arabidopsis thaliana and rice. This chapter describes the

concepts and techniques of using NGS for the study of TE activity in eukaryotic

genomes at large.

Keywords Next Generation sequencing • Paired-end mapping • Structural

variation • Transposable elements • Genomics

4.1 Introduction

The last 15 years of genomic research have yielded considerable amounts of infor-

mation regarding the structure, the function, and the evolution of many eukaryotic

genomes (Messing and Bennetzen 2008). To date, the full genome sequences of 17

plant species are available (http://www.genomesonline.org). One of the common

features of all these genomes is that (except for the unusually small genome of

Arabidopsis thaliana) they are often largely composed of transposable elements

(SanMiguel et al. 1996). TEs, defined as mobile genomic entities, were first described
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by B. McClintock in maize more than 50 years ago (McClintock 1953). At first, these

elements were considered as mutagenic factors, i.e., with a propensity to inactivate

genes upon insertion. Consequently, TEs were regarded mostly as deleterious agents,

while more rarely as a source of genetic variation that eukaryotes could benefit from.

Genomics has now completely changed this paradigm through the demonstration that

their biological impact goes far beyond mutagenesis by contributing to a large extent

to the structure, the evolution, and the function of the genomes of both plants and

animals (Bennetzen 2005).

TEs can be classified into two main categories, with very distinct mechanisms of

transposition (Wicker et al. 2007): Class I elements, or retrotransposons, have a

copy and paste mode of transposition. Therefore, active class I elements can

multiply their copy numbers in the genome without excision. On the other hand,

class II, or transposons, have a cut and paste mode of transposition and are not

expected to undergo genomic amplifications to the same extent as class I elements.

Nevertheless, a particular type of class II elements, the miniature TEs (MITEs) is

often found highly repeated in plant genomes, although the exact mechanisms of

such amplification remains unclear. Class I-driven genomic expansions can reach

such level in some lineages that it is now considered as the main factor of genome

size variation in plants, besides polyploidy (Piegu et al. 2006). Several studies have

shown that these expansions usually occur in a catastrophic manner, i.e. through

strong transpositional activation of few families over short periods of time (Piegu

et al. 2006), a process referred to as bursts of transposition. Moreover, such bursts

are always found to have occurred in a recent past (within the last few million years)

and often posterior to speciation, which leads to posit 1—that only recent, active

families are responsible to the structural variations observed among genomes and

2—that more ancient bursts have been eliminated from the genome, which is indeed

the case, due to a strong bias of mutations towards deletions in TE-related

sequences (Vitte and Panaud 2005; Vitte et al. 2007). Following insertion, TEs

can be involved in genomic rearrangements, such as translocations, inversions, and

chromosome degeneration. Morgante et al. (2005), through a comparative genomic

survey between inbred lines, showed that helitrons (a particular type of class II

elements) can mediate gene movements in maize. Similarly, Jiang et al. (2004)

showed that genes can be mobilized through a transposition-like mechanism, using

the structure of Mutator-like elements. These TE/genes chimeric structures,

referred to as pack-MULES, can be found in hundreds of copies in the genome of

rice and may retain some functional activity. More recently, Wicker et al. (2010)

showed that some gene movements observed when comparing three genomes of

Poaceae were the result of double-strand break (DSB) repair through synthesis-

dependent strand annealing that involve TE-related sequences. This suggests that

some of the TE-associated structural variants (TEASVs) are not caused by transpo-

sition per se, but are the results of subsequent rearrangements where TEs play a

role, although indirectly.

Active TEs can inactivate genes upon insertion into coding sequences. This has

been evidenced in several instances following the original work of B. McClintock

(Tsugane et al. 2006; Miclaus et al. 2011). In this regard, the mutagenic nature of
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TEs can be considered as deleterious. This raises the question of their ubiquity in

eukaryotic genomes, because one could expect that their propensity to cause loss

of function at the genome scale would lead to their elimination from natural

populations. This paradox has been solved with the recent progress in our under-

standing of the epigenetic pathways that control transposition at large (Slotkin and

Martienssen 2007; Lisch 2009; Lisch and Bennetzen 2011). These concern

both transcriptional gene silencing (TGS) and posttranscriptional gene silencing

(PTGS). TGS pathways target TEs through methylation (of both DNA and

histones), while PTGS target TEs that escaped TGS through the degradation of

their mRNAs (Bourc’his and Voinnet 2010; Rigal and Mathieu 2011). In the TGS

pathway small interfering RNAs (siRNAs) are generated from loci to be silenced,

and they fuel the RNA-directed DNA methylation (RdDM) pathway that acts as a

feedback loop to methylate the DNA at genomic regions harboring active copies,

thus causing their transcriptional silencing (Law and Jacobsen 2010; Saze et al.

2012). As a result, the vast majority of the TEs that populate most plant genomes

are under the strict control of various, complementary silencing pathways and

therefore efficiently inactivated. Interestingly, several recent studies have unraveled

a new functional impact of TEs which is associated with the process of silencing

through methylation: The expression of a gene can be affected by the presence of a

TE in its vicinity, because it induces changes of the epigenetic status of the

chromatin in the region. In such cases, TEs act as epigenetic mediators, thus causing

changes in gene expression. This was indirectly suggested for the fruit color in

grape (Kobayashi et al. 2004) and more recently for the plant architecture in maize

(Studer et al. 2011).

4.2 Genomic Approaches for the Study of Transposition

This brief overview shows that there is a need for a complete, genome-wide

identification of active elements in a given species, in order to decipher their

putative impact on several aspects of genome biology. Such information is not

available, even in the case of model species, such as Arabidopsis thaliana or rice,

the first two plant species for which a high quality genome sequence has been

available (Arabidopsis Genome Initiative 2000; International Rice Genome

Sequencing Project (IRGSP) 2005). Therefore, despite their propensity to invade

and densely populate plant genomes, only few transpositionally active TEs have

been identified so far in plants. As an example, until recently in rice, the only known

active elements were the LTR retrotransposons Tos17 (Hirochika et al. 1996) and

Lullaby (Picault et al. 2009), the LINE Karma (Komatsu et al. 2003), and the

transposons dTok (Moon et al. 2006), nDart (Tsugane et al. 2006), and mPing/Pong
(Jiang et al. 2003). Altogether, these five TE families do not represent more than

100 kbp in Nipponbare genome, which contrasts with the fact that rice genome

harbors several hundreds of TE families, totalling 250,000 copies that make up

130 Mbp (International Rice Genome Sequencing Project (IRGSP) 2005). One of

4 Genome-Wide Analysis of Transposition Using Next Generation Sequencing. . . 61



the major difficulties of identifying active TEs is the use of a suitable screen for the

detection of new insertions. dTok and nDart transposons in rice were discovered,

because the mutation of the genes into which they inserted caused a change in the

plant phenotype (Moon et al. 2006; Tsugane et al. 2006). Their identification was

thus made possible by the positional cloning of these genes. Although there is no

doubt that the genetic study of more mutant lines in plants will lead to the discovery

of new active transposons, this approach remains tedious because of the cloning

procedure. In the case of mPing/Pong elements, the authors have combined an

in silico survey of recent MITE insertions in the rice genome sequence with a

confirmation of the mobility of these TEs in cell culture using the transposon

display procedure (Jiang et al. 2003). The efficiency of this double approach

demonstrates that the availability of the full genomic sequence of rice considerably

facilitates the discovery of new active TEs. However, not all recently inserted TEs

are still transpositionally active. The discovery of both Tos 17 and Karma elements

was achieved through the cloning and sequencing of cDNAs that were amplified

through PCR using primers designed in the conserved domains of the reverse

transcriptase gene (Hirochika et al. 1996; Komatsu et al. 2003). Although this

method is robust and straightforward, it may not be suitable for an exhaustive

survey of all the transcriptionally active LTR retrotransposons because of the bias

associated with the PCR amplification towards the most active elements. Recently,

Picault et al. (2009) identified an active LTR retrotransposon (i.e., Lullaby)
based on a genome-wide transcriptional survey of rice callus using a dedicated

microarray harboring oligomers matching with all TE-related rice sequences. This

postgenomic approach does not require to identify any mutant phenotype associated

with the transposition of the element. However, most of the transcriptionally

activated TE families did not actually transpose. This shows that only full genome

sequencing could provide access to the exhaustive transpositional landscape of a

mutant plant.

4.3 Use of Next Generation Sequencing Technologies

to Study Transposition

The advent of new sequencing technologies has tremendously changed the field of

genomics not only at technical level but also in terms of conceptual developments

(Zhang et al. 2011). Most of the latest genome projects have been completed using

one or a combination of Next Generation Sequencing (NGS), while conventional

Sanger-based strategies have been abandoned for large genomes because of their cost

(Argout et al. 2011). The latest technologies can generate Gigabases of sequences for

much less than 100 US$ (Pareek et al. 2011). This dramatic reduction of sequencing

cost opens new perspectives for genome-wide studies within species and for

populations genomics in particular (Siol et al. 2010). While the first genome-wide

studies of genetic diversity focussed on single nucleotide polymorphisms (SNPs),
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subsequent analyses showed that structural variations (SVs) may be identified at a

much higher rate in natural populations, especially in species with a large genome

like humans (Feuk et al. 2006). In addition, the importance of detecting structural

variants in this species was emphasized with the discovery of their direct involvement

of some disorders (Stankiewicz and Lupski 2010). The first genome-wide surveys of

SVs in human relied upon the use of comparative genome hybridization (CGH)

arrays (Sharp et al. 2005), which has the disadvantage of a low resolution (i.e.,

50 kbp, below the resolution where TEASV can be detected). Korbel et al. (2007)

conducted the first human genome-wide survey of structural variants using NGS.

Their strategy, named paired-end mapping (PEM, Fig. 4.1), consisted in a deep

sequencing of paired ends of 3 kb fragments from two individuals, followed by a

mapping of the reads on the reference human genome. This analysis yielded 1,175

indels and 122 inversions. Indels were further characterized, which showed that 90%

of the insertions were associated with the LINE L1 (the second most frequent TE in

human genome). Therefore, this first pioneer study demonstrated that paired-end

mapping could be successfully used for the identification of TEASVs. More recent

studies followed the same strategy, but concerned larger samples of human

populations (Stewart et al. 2011). NGS are now used routinely in this species and

have significantly contributed to the building of comprehensive human SV databases

(Iafrate et al. 2004). Although many studies had previously showed transpositional

activity of L1 (in addition to that of the two other class I elements Alu and SVA),

population studies such as that of Korbel et al. (2007) only provide indirect evidences

of the activity of a TE family. Some of the TEASVs observed today may indeed

originate from the activity of an element that has become inactivated long ago,

because those can remain in natural populations for many generations through

lineage sorting [for instance, the two individuals analyzed by Korbel et al. (2007)

originated from Europe and Nigeria]. A more direct evidence of TE activity

through genome-wide approaches was provided recently by Baillie et al. (2011).

The authors used a combination of microarray hybridization and high throughput

sequencing to unravel somatic transposition in the human brain. This strategy, named

retrotransposon capture sequencing (RC-seq), allowed the authors to evidence 7,700,

13,700 and 1,350 new insertions of the retrotransposons L1, Alu, and SVA respec-

tively, among the hypocampus samples of three distinct individuals. RC-seq is,

strictly speaking, a knowledge-based approach, because it requires to properly

identify putatively active elements prior to the experiments (in order to build the

microarray). In this regard, it cannot be applied to the discovery of new active

elements, although the authors clearly demonstrated the detection efficiency brought

by NGS.

In plants, the first example of the use of paired-end mapping to detect TE

movement was reported by Mirouze et al. (2009) in Arabidopsis thaliana. The
authors first identified an active LTR retrotransposon EVD through the cloning of

mutant alleles of several candidate genes in epigenetic-recombinant inbred lines

(epi-RILs). Some of these lines, obtained through successive rounds of selfing of a

cross between a wild-type and the met1 homozygous mutant, exhibit aberrant

phenotypes that the authors showed to be associated with the insertions of EVD.
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Fig. 4.1 Schematic view of paired-end mapping detection of TE-associated structural variants:

(a) A close-up view of two genomic locations, one harboring a TE (chromosome 1) and the other

harboring an empty site (chromosome 2). (b) The TE located on chromosome 1 transposes on

chromosome 2. (c) sequencing of the mutant genome. The illumina amplicons are sequenced on

both ends (small boxes represent paired-end reads). (d) paired-end mapping of the illumina reads.

The mapping of the reads from amplicons spanning the insertion site will abnormally map on the

reference sequence
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In this report, paired-end mapping was used to search exhaustively the genome of

several progenies of the double mutant (met1/RdDM1) in order to identify the TE

families (other than EVD) that could be activated through the alteration of the

corresponding silencing pathways. Even if, in this particular case, paired-end

mapping did not allow to identify new active families, this report demonstrated

the suitability of this approach to study genome dynamics in plants. More recently,

Sabot et al. (2011) applied paired-end mapping to detect TE movements in a rice

mutant line regenerated from callus culture. The LTR retrotransposon Tos17 is

known to be activated transpositionally in calli that have been cultivated in vitro for
at least 12 weeks (Hirochika et al. 1996). This has been exploited to generate large

collections of rice mutants (thus referred to as “Tos17 mutants”) that constitute a

valuable resource for rice genomics (Krishnan et al. 2009). Given that rice genome

is composed of a large proportion of TEs, the authors anticipated that some

families, in addition to Tos17 elements, may be activated in these lines. To test

their hypothesis, they sequenced the genome of a Tos17 line harboring 11 new

insertions of the element (estimation based on Southern hybridization experiment)

and conducted a genome-wide search of TE movements using paired-end mapping.

They first validated their approach by mapping the 11 new insertions of Tos17.
Moreover, they found a total of 23 new TE insertions not caused by the activity of

Tos17. Eleven were from LTR retrotransposons that belong to 7 distinct families and

12 from miniature inverted transposable elements (MITEs) that belong to 5 distinct

families. Interestingly, among these 12 TE families, only one (the MITE mPing)
had been previously reported as being active (Jiang et al. 2003). This study,

therefore, suggests that genome-wide surveys of transposition using NGS can

speed up the discovery of active elements in sequenced genome. Tos17 is the best

known TE in rice. Several studies have clearly shown that its activation in cultured

calli is caused by demethylation of the active copy. This element was also shown to

be activated in rice mutants that are deficient in histone methylation (Qin et al.

2010). The results obtained by Sabot, Picault et al. confirm that Tos 17 is the most

active element in calli. However, this first rice genome-wide survey of transposition

also raises several questions regarding the control of transposition, either for the

other families found to be transpositionally active (the 7 LTR retrotransposons and

the 5 MITE families) or for the families previously reported to be transcriptionally

active in calli (e.g., the LTR retrotransposon Lullaby) but that did not transpose in

the sequenced line. As mentioned above, transposition is controlled by several

distinct and complementary pathways. Upon impediment of one of these pathways,

either genetically or physiologically, several TE families can be reactivated, as

shown by many studies (Mirouze et al. 2009; Qin et al. 2010). However, such

reactivation remains a stochastic process, and one should expect that not all the TE

families known to be activated under certain conditions would actually transpose in

a single generation. Therefore, in order to provide a comprehensive and relevant list

of the active TE families of a given species, one should survey its transpositional

landscape through the analysis of several individuals for each of the genetic

background or physiological condition tested.
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More recently, Fiston-Lavier et al. (2011) and Kofler et al. (2012) conducted

some surveys of TEASVs inDrosophila genome using paired-end mapping of NGS

data. This shows that this concept can be applied to any plant or animal species,

given that a good reference genome sequence is available and that TEs have been

correctly annotated (see below).

4.4 Technical Discussion

The four requirements for the genome-wide extensive identification of TEASV in

any organism are (1) a good reference genome sequence (i.e., a good assembly of

high-quality sequence reads), (2) a comprehensive annotation of the TEs from the

genomics sequence, (3) a suitable dataset of NGS, preferably as paired-end (PE)

sequences, and (4) a suitable software for TEASV detection.

In all published work cited above, the first requirement was obviously met,

because all concerned model species for which high-quality genome sequence has

been available for several years (i.e., human, Arabidopsis, rice, and Drosophila).

However, most draft genome sequences published over the past few years for many

plant and animals were obtained through the assembly of whole genome shotgun

(WGS) using NGS. Although considerably more cost efficient than Sanger-based

and physical map-based genome sequences, these strategies often lead to poor

assemblies and thus incomplete reference sequences. This does not impede the

detection of TEASVs, but rather restrains it to nonrepetitive, gene-rich regions.

In fact, even in the case of high-quality sequences, PEM detection is often only

reliable when one PE is anchored on a nonrepetitive region of the genome. Most

programs systematically eliminate sequence reads that map in multiple loci in the

genome (Medvedev et al. 2009).

The second requirement and probably the most challenging among the four is a

correct annotation of TEs from the reference genome sequence use for paired-end

mapping. Eukaryotic TEs exhibit a tremendous diversity of forms that makes difficult

their automated annotation from sequenced genomes (Wicker et al. 2007). Moreover,

the advent of NGS and the decrease in sequencing costs lead to the availability to ever

increasing amount of genomic data, from which new TEs are continuously found.

These include new TE families from known class I and class II types, but also new

types, the mode of transposition of which remain unknown. Even in the case of well-

known TE types, such as LTR retrotransposons, for which bioinformatic tools are

available, several conceptual aspects of their annotation are still debated (Flutre et al.

2011). The basic PEM strategies to detect TE movements is based on the mapping of

one PE on a unique sequence and of the other on a known TE located in a different

locus on the reference sequence (Medvedev et al. 2009). The efficiency of such

strategy will thus depend on the availability of a TE database of the species and

moreover will be proportional to the quality of such database.

The third requirement is a sequence dataset which is suitable for paired-end

mapping, i.e., with a good coverage of the genome at a sufficient depth (minimum
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of 5�). The Illumina platform offers today the best cost efficiency and generates

Gigabases of PE reads of 100 nucleotides, from insert sizes ranging from few

hundred to thousands base pairs. This is the method of choice for SV detection

(Mirouze et al. 2009; Sabot et al. 2011). However, one should keep in mind that

technologies in the field of DNA sequencing are moving fast. Single molecule

sequencing technologies (Pacific Biosciences, Nanopore Oxford) are now consid-

ered as being the future of genome sequencing. These produce longer reads (although

with higher error rate at the moment). They will probably offer new perspectives in

genome dynamics studies and in particular for the detection of TEASVs. Longer

reads will enable direct identification of homology breakpoints on a single read, a

method referred to as split read mapping (SRM,Medvedev et al. 2009). Although not

often used because of the short size of the illumina reads, SR mapping may prove to

be superior than paired-end mapping in detecting TEASVs for longer reads.

The fourth and last requirement for TEASV detection is the availability of

dedicated softwares. Since the first pioneer publication of Korbel et al. (2007),

many bioinformatic teams have developed tools to detect structural variants from

NGS data (Medvedev et al. 2009) but not all of them are suitable for TEASV

screening. Table 4.1 presents the programs freely available today for the detection

of TEASVs. Most of these tools are based on paired-end mapping, but a program

integrating PEM, SRM, and depth of coverage (DOC) methods was recently

proposed (Qi and Zhao 2011). DOC is based on the variation of the number of

reads covering a given sequence. If such region is either deleted, or if its copy

number decrease (also through deletion), then the DOC of the corresponding

sequence will vary accordingly. Although this method does not allow to precisely

map the structural variation, it increases the efficiency of their detection when

combined with paired-end mapping.

4.5 Conclusion

The genome-wide characterization of active TEs in both plant and animals is now

accessible to many species thanks to the newest developments of NGS. This will be

of particular interest in Biology at large, not only because it will lead to a better

understanding of genome dynamics in terms of structural variations either in mutants

Table 4.1 Current tools available for TEASV detection

Name of the program Reference Methodology

PEMer Korbel et al. (2009) PEM

Variation hunter Hormozdiari et al. (2009) PEM

Breakdancer Chen et al. (2009) PEM

SVdetect Zeitouni et al. (2010) PEM

T-lex Fiston-Lavier et al. (2010) SRM

inGAPsv Qi and Zhao (2011) PEM, SRM, DOC

PEM paired-end mapping, SRM split read mapping, DOC depth of coverage
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or in natural populations but also because it will provide new ways to establish links

between these structural variations and the functional diversity in eukaryotes. More-

over, when similar, high-throughput technologies will be available to study genome-

wide epigenetic diversity, then the knowledge of TEASVs in individuals and in

populations will become relevant as one of the key process for the generation of

epigenetic diversity.
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Chapter 5

Hitching a Ride: Nonautonomous

Retrotransposons and Parasitism as a Lifestyle

Alan H. Schulman

Abstract Large genomes in plants are composed primarily of long terminal repeat

(LTR) retrotransposons, which replicate and propagate by a “copy-and-paste”

mechanism dependent on enzymes encoded by the retrotransposons themselves.

The enzymes direct a life cycle involving transcription, translation, packaging,

reverse transcription, and integration. Loss of any coding capacity will render a

retrotransposon incapable of completing its life cycle autonomously. Nevertheless,

retrotransposons lacking complete open reading frames for one or more of

their proteins are abundant in the genome. These nonautonomous retrotransposons

can, however, be complemented in trans by proteins expressed by another retro-

transposon, restoring mobility. It is sufficient for a nonautonomous LTR retro-

transposon to retain the signals needed for recognition by the transcription

machinery and the proteins of autonomous elements. The degree to which nonau-

tonomous retrotransposons interfere with the propagation of autonomous elements

has major evolutionary consequences for the genome, affecting the relative rate of

gain versus loss of retrotransposons and thereby genome size.
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5.1 Retrotransposons

5.1.1 Retrotransposons, Drivers of Genome Evolution

As described in elsewhere in this volume (Chap. 1), transposable elements (TEs) can

be grouped into 2 major Classes, 9 Orders and 29 Superfamilies (Wicker et al. 2007).

Class I, the retrotransposons, is composed of TEs that replicate via an RNA

intermediate by a “copy-and-paste” mechanism. Class II elements move generally

by “cut-and-paste” as DNA segments. However, Subclass 2 of Class II includes as

well the Helitron (Kapitonov and Jurka 2007) andMaverick/Polinton elements that

propagate by what could be called “cut and copy” (Fischer and Suttle 2011). This

chapter will be focused on retrotransposons.

The most abundant TEs in plant genomes are the long terminal repeat (LTR)

retrotransposons, the structures of which are described below. Most plant genomes

contain hundreds of LTR retrotransposon families, each in low or moderate copy

numbers. However, the large plant genomes contain a few very abundant and

replicatively successful retrotransposon families. In the Triticeae (barley, wheat,

and relatives), the BARE1,WIS, and Angela elements account for more than 10 % of

the genome (Vicient et al. 1999a; Kalendar et al. 2000; Soleimani et al. 2006;Wicker

et al. 2009). A whole-genome survey of barley showed that 50 % of the genome is

comprised of only 14 TE families, 12 being LTR retrotransposons (Wicker et al.

2009). Why certain LTR retrotransposon families have been able to expand to large

numbers while others have not is unknown, though of great interest. Some abundant

LTR retrotransposon families are activated by stresses such as drought (Kalendar

et al. 2000) or UV light (Ramallo et al. 2008), but so are other retrotransposons that

are nevertheless rare in the genome (Grandbastien et al. 2005). Moreover, it is also a

reasonable conjecture that selective forces act to drive copy numbers down for some

families because of their propensity, for example, to insert into genes.

As a consequence of their overall abundance, LTR retrotransposons are respon-

sible for major variations in genome size other than those explained by genome

duplication and polyploidization. For example, Arabidopsis thaliana and sorghum,

respectively, having 120 Mbp and 700 Mbp genomes, contain a similar amount of

Class II transposons, with the difference in their genome size explained mainly by

the differential abundance of LTR retrotransposons (Arabidopsis Genome Initiative

2000; Paterson et al. 2009). In barley, a whole-genome survey showed that less than

a dozen LTR retrotransposon families account for almost half of the genome, while

Class II elements contribute about 5 % (Wicker et al. 2009). Earlier, we showed that

the difference in genome size between two particular Hordeum species can be

explained primarily by the difference in BARE1 abundance (Vicient et al. 1999b).

5.1.2 Replication of Autonomous Retrotransposons

The Class I transposable elements all employ a replication cycle in which transcribed

RNA is copied into dsDNA by reverse transcriptase. The two largest orders of Class I
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TEs are named by the presence or absence of an LTR at either end of the

retrotransposon (Fig. 5.1). The LINEs (Long Interspersed Nuclear Elements; Goodier

and Kazazian 2008) are generally seen as the canonical non-LTR retrotransposons,

though the DIRS (Dictyostelium Intermediate Repeat Sequence), PLE (Penelope-like

element), and SINE (Short Interspersed Nuclear Elements) retrotransposons also lack

LTRs (Wicker et al. 2007). The non-LTR retrotransposons are found throughout the

clades of eukaryotes. While they predominate in the genomes of vertebrates and some

fungi (Spanu et al. 2010), they are generally much less abundant in plants.

The LINEs are considered to be the primordial Class I elements due to their simple

structure, specifying only reverse transcriptase and endonuclease activities in the

basic forms. Not only lacking LTRs, the non-LTR retrotransposons also function

Fig. 5.1 Main groups of autonomous and nonautonomous retrotransposons. (a) Autonomous LTR

retrotransposons. Above, the basic structure of an LTR retrotransposon, comprising: the long

terminal repeats (LTRs); the primer binding site (PBS), which is the (�)-strand priming site for

reverse transcription; the polypurine tract (PPT), which is the (þ)-strand priming site for reverse

transcription; the PBS and PPT are part of the internal domain, which in autonomous elements

includes the protein-coding open reading frame(s). Below, the major superfamilies of LTR

retrotransposons, Gypsy and Copia. The open reading frame(s) of the internal domain are gag,
encoding the capsid protein Gag; ap, aspartic proteinase; rt–rh, reverse transcriptase–RNase H;

int, integrase. The position of the env domain encoding the envelope protein in those Gypsy
and Copia clades that contain it is shown. (b) Nonautonomous retrotransposons. BARE2 is an

example of a major conserved group having a specific deletion that generates a nonautonomous

subfamily. Elements like Morgane have a degenerate or truncated, but still recognizable open

reading frame. LARD elements have a long internal domain with conserved structure but lacking

coding capacity. TRIM elements have virtually no internal domain except for the PBS and PPT

signals. (c) Autonomous and nonautonomous non-LTR retrotransposons. Shown are the autono-

mous order LINE of the L1 superfamily (ape ¼ apurinic endonuclease) and the nonautonomous

order SINE. A gray bar indicates a noncoding domain
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without an integrase gene (Figs. 5.1 and 5.2). Instead, the reverse transcriptase primes

DNA synthesis from the poly-A tail of the element’s transcript (Fig. 5.2), later

ligating the end of the newly synthesized DNA into the insertion point.

The first step of replication of an LTR retrotransposon (Fig. 5.3) is transcription of

an integrated element. The LTRs both drive transcription, by providing a promoter at

the 50 end of the retrotransposon, and specify RNA termination and polyadenylation,

using signals in the LTR that are operational at the 30 end of the inserted element.

Transcription by pol II thus beginswithin the 50 LTR and terminates within the 30 LTR
before its 30 end. The RNA transcripts meet two fates: they are translated to form the

protein products needed for the retrotransposon life cycle; they are packaged into

virus-like particles (VLPs) and later reverse transcribed into cDNA. If the same RNA

serves in both pathways, translation must precede reverse transcription for two

reasons. First, packaging removes the RNA from access to the translation machinery.

Second, during reverse transcription the RNA is hydrolyzed by the action of RNaseH.

Packaging into VLPs is mediated by two signals present in the untranslated

leader (UTL) between the PBS and the beginning of gag. These are the PSI

Fig. 5.2 Replication mechanism of a non-LTR retrotransposon. Replication of a LINE of super-

family L1 is shown. The element contains ORF1, specifying an RNA-binding protein, and an open

reading frame encoding an apurinic endonuclease (ape) and reverse transcriptase–RNase H (rt–rh).
During replication, the LINE is transcribed (Step 1), the open reading frames translated (Step 2; for

simplicity only the RT is shown), assembled into a ribonucleoprotein particle (Step 3), and

transported into the nucleus (step not shown). The APE nicks the target site, at which point the

RNA anneals (Step 4). The free 30 hydroxyl group of the nicked target is used to prime reverse

transcription by a process called target-primed reverse transcription (Step 5). The other strand of the

target DNA is also nicked, and the second strand of the LINE is synthesized by the RT (Step 6). The

process is completed and the new copy is now inserted at the target site (Step 7). The process is

reviewed by Han and Boeke (2005)
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Fig. 5.3 Lifecycle of LTR retrotransposons. An element of superfamily Copia with a single open

reading frame (ORF) is depicted diagrammatically, integrated into the genome, within the nucleus

(gray curve). The plasma membrane is represented as a black curve. The major steps of the life cycle

are shown in green circles. If the step depends on the proteins encoded by the retrotransposon and is
therefore potentially blocked in a nonautonomous retrotransposon in the absence of complementa-

tion, it is shown in a red hexagon. The steps are (1) transcription of a copy integrated into the

genome, from the promoter in the long terminal repeat (LTR); (2) nuclear export; (3) alternative

translation or buckling of two transcripts destined for packaging and reverse transcription; (4) trans-

lation either of separate gag and polORFs or of one common ORF to produce the capsid protein Gag

and a polyprotein containing aspartic proteinase (AP), reverse transcriptase (RT), RNAseH, and

integrase (INT), the order of the protein units being shown being as for elements of superfamily

Gypsy; (5) assembly of a virus-like particle (VLP) from Gag containing RNA transcripts, integrase,

reverse transcriptase–RnaseH; (6) reverse transcription by RT; (7) localization of the VLP to the

nucleus; (8) passage of the cDNA–integrase complex into the nucleus and integration of the cDNA

into the genome
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(Packaging SIgnal) and DIS (DImerization Signal) motifs, which form conserved

secondary structures in the RNA as stem–loops. In retroviruses, and by extension in

retrotransposons, PSI mediates packaging of the transcript into its specific particle

(Lu et al. 2011; Miyazaki et al. 2011). The DIS directs so-called kissing-loop

interactions leading to dimerization of the transcripts during, or just before, pack-

aging (Paillart et al. 2004). Such signals are highly important for propagation of

retroviruses, because any change in their structures may severely weaken both the

replication and the infection processes.

Translation of the RNA produces the capsid protein Gag, sometimes in a separate

reading frame from the enzymes reverse transcriptase and integrase. The proteins

are derived from the polyprotein by the endoproteolytic action of aspartic protein-

ase, also part of the polyprotein. The Gag is assembled into the VLP capsids, into

which the RNA template for reverse transcription is packaged as well as reverse

transcriptase and integrase. Because the promoter and terminator are internal to the

LTRs, the transcripts lack the 50 end of the 50 LTR and the 30 end of the 30 LTR
(Fig. 5.4); these are restored by the complex reverse transcription mechanism of

LTR retrotransposons. The mechanism (Fig. 5.4) achieves this through two template

switches by reverse transcriptase. The overall replication pathway is fully distinct

from that of the LINES. Reverse transcriptase initiates first-strand synthesis from a

tRNA primer at the primer binding site (PBS) adjacent to the 50 LTR. The second
strand is primed at the polypurine tract (PPT) adjacent to the 30 LTR.

Following reverse transcription, the VLP is targeted to the nucleus, the cDNA

enters the nucleus, and integration takes place (Fig. 5.3). In contrast to non-LTR

retrotransposons (Fig. 5.2), the DNA copy is inserted by integrase (INT), an enzyme

specialized for this job (Fig. 5.5). Integrase creates staggered cuts at the target site,

trims extra nucleotides from the 30 termini of the LTRs, and then joins the 30 termini

to the free 50 ends at the staggered cut (Fig. 5.5). In addition, some retrotransposons

contain an open reading frame for an envelope protein (see below).

The LTR retrotransposons are divided into two main superfamilies, Gypsy and

Copia, which differ diagnostically in the order of their encoded protein domains

(Fig. 5.1). The groups are each found in almost all eukaryotic lineages and most likely

originated from two independent gene fusion events predating the radiation of the

eukaryotes. Sequence and structural similarities indicate that the retroviruses evolved

fromGypsy elements through the acquisition of the env gene that encodes an envelope
protein with transmembrane domains. The protein mediates the formation of an

envelope, derived from the plasmamembrane, around retroviruses,which consequently

can bud from the plasma membrane, leave the host cell, and go on to infect other cells.

The gypsy family ofDrosophila, the type element of the superfamily, has retroviral-like

properties because it can be infectious under laboratory conditions (Kim et al. 1994).

In fact, the env domain is not restricted to animal retroviruses; an env-bearing
clade of Gypsy elements is widespread in plants (Vicient et al. 2001). Moreover, env
domains can be found in a clade ofCopia retrotransposons (Laten et al. 2005; see also
a review on this topic, Chap. 6). The likely early division of the Copia and Gypsy
lineages and the distinct position of env in the clades of the two superfamilies argues

for independent gain of function in both cases and begs a function in the organisms

where an extracellular segment of the life cycle has not been demonstrated.
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Fig. 5.4 Reverse transcription of LTR retrotransposons. Diagrammatically represented are the

major steps. (a) Attachment of a tRNA primer at the primer-binding site (PBS) of the retrotransposon

transcript (black line), adjacent to the 30 end of the 50 LTR regions R and U5, to initiate reverse

transcription. (b) Extension of the minus-strand cDNA (shown as a gray line) to the end of the

transcript to form minus-strand strong-stop DNA (�sssDNA); (c) Degradation of the RNA from the

RNA/DNA hybrid by RNaseH, exposing the repeat (R) domain that is present at both ends of

the transcript. (d) Transfer of the exposed�sssDNA to the 30 end of the transcript by hybridization of
the R domain. (e) Extension of the minus-strand and concomitant degradation of the hybridized

regions of the transcript by RNase H until the polypurine tract (PPT) of the cDNA is exposed,

whereupon plus-strand cDNA (dotted line) synthesis is initiated from RNA fragments (short black
lines) as primers. The plus strand is extended to the 50 end of the minus-strand cDNA, and generating

a complementary copy of the PBS, and forms plus-strand strong-stop DNA (+sssDNA). (f) The RNA

primers are removed by RNAseH, exposing the PBS on the +sssDNA. (g) Transfer of the +sssDNA,

mediated by hybridization of the PBS domain, and continuation of cDNA synthesis requiring strand

displacement, each strand serving as a template for the other. (h) Completion of cDNA synthesis to

generate a double-stranded linear molecular with intact LTRs at either end. The details and

representation are essentially as presented earlier (Telesnitsky and Goff 1997)
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Fig. 5.5 Integration mechanism of an LTR retrotransposon. The retrotransposon is represented as

a loop bounded by two LTRs. Each LTR is flanked by an extra dinucleotide basepair (in this case

AA/TT, as found in retrotransposon BARE of barley), which is copied by RT from the dinucleotide

found between the PBS and the 30 end of the 50 LTR during reverse transcription. The integrase is

represented, bound to the LTRs, as a tetramer (Dolan et al. 2009; Cherepanov et al. 2011), forming

a pre-integration complex together with the retrotransposon. The genomic DNA target is shown as

a pair of gray lines beneath the preintegration complex. (a) The pre-integration complex and target

site. (b) The integrase makes a 4- to 6-bp staggered cut in the genomic DNA and trims the

dinucleotide from the 30 end of each LTR, generating 50 overhangs on both the retrotransposon and
at the target site (shown as “P” for 50 phosphate). (c) Integration of the LTR retrotransposon. The 30

ends of the LTR are joined to the 50 overhangs of the target. The trans-esterification reaction, in

which the target is cleaved and retrotransposon joined, proceeds as a single-step. (d) Following the

integration reaction and removal of the remaining dinucleotide from the 50 end of each LTR, the

gaps generated by the staggered cut remain. The repair of these gaps generates the target-site

duplication (TSD) flanking the retrotransposon
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5.2 Nonautonomous Transposable Elements

Retrotransposons play a major role in genome size variation over evolutionary time

(discussed above) and are dynamic in their induction both by biotic and abiotic

stresses (Wessler 1996; Kalendar et al. 2000; Grandbastien et al. 2005; Ramallo

et al. 2008) as well as by “genome stress” (McClintock 1984; Kashkush et al. 2003;

Belyayev et al. 2010). Nevertheless, most copies of retrotransposons encountered in a

random segment of the genome contain deletions or mutations affecting their open

reading frames (ORFs), if they have them at all. These elements, which appear at first

glance to be incapable of replicating, can form the majority of the retrotransposon

population. This observation may lead the casual onlooker to conclude that Ohno was

correct when he referred to the nongenic component of the genome as “junk” (Ohno

1972). However, while the genome may contain “fossils,” or no-longer active trans-

posable elements, these are no more junk, an anthropomorphic term, than are

pseudogenes or dinosaur bones.

Many of the apparently fossilized TEs, in fact, can be brought back to life when

mobilized by another element; it takes more than a few mutations to kill a TE. This

was recognized early on when McClintock observed both autonomous and nonau-

tonomous controlling elements, respectively, Ac and Ds (McClintock 1948; Jones

2005). The canonical autonomous elements contain intact open reading frames and

promoters, as well as the structural motifs that are recognized by the TE enzymes

and processing signals recognized by the enzymes of general cellular DNA and

RNA metabolism.

The nonautonomous but active mobile elements can still be transcribed and

mobilized in trans by proteins from autonomous elements; others may have lost the

motifs required for trans activation and are both nonautonomous and nonmobile.

Among the Class II transposons such as those studied by McClintock, the term

“nonautonomous element” has referred to those that cannot express transposase and

catalyze their own transposition. They form binary systems with the autonomous

elements able to drive their transposition. The classical examples of these include the

Ac–Ds (McClintock 1948; Fedoroff et al. 1983; Jones 2005) and Suppressor–Mutator
(Spm; Fedoroff 1999) systems, although similar ones are widespread (Hartl et al. 1992).

5.2.1 Nonautonomous Retrotransposons

For Class I elements, the phenomenon of non-autonomy has several additional

facets because of the complexity of their replicative life cycle (Figs. 5.2, 5.3, 5.4,

and 5.5; Sabot and Schulman 2006). In Class II transposons, a nonautonomous

element can be mobilized as long as its termini are recognized by transposase. The

LTR retrotransposons must be transcribed and translated, then transcripts packaged,

together with integrase and reverse transcriptase, into VLPs formed from self-

encoded Gag (Fig. 5.3). Reverse transcription, targeting and entering of the nucleus,
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and finally integration must occur. While any of these steps may be blocked by lack

of a self-encoded protein (Fig. 5.3), all potentially can be complemented in trans if
a translationally or enzymatically defective LTR retrotransposon nevertheless

possesses the correct recognition signals for proteins encoded by an autonomous

and competent element.

5.2.2 Types of Nonautonomous Retrotransposons

The many nonautonomous TEs fall into several categories. The first group, referred

to here as Type 1, is comprised of previously autonomous elements that have been

variously mutated or deleted so that one or more of their motifs or encoded proteins

are no longer functional. In many cases, parts of their protein coding domains may

still be recognizable even if they are rendered nonfunctional by substitutions, stop

codons, or both. Because retrotransposons encode a polyprotein, any upstream

mutation generating a frameshift or stop codon will have polar effects, knocking

out expression of the downstream proteins until an efficient start codon is reached.

Therefore, nonautonomous elements encompass not only those where some or all of

their coding capacity has been deleted but also otherwise autonomous elements

with a point mutation leading to polar truncation of translation. The diverse Type 1

are, therefore, expected to be very widespread among the retrotransposons and

could still be activated in trans by autonomous elements. A particular nonautono-

mous copy may have been integrated as a fully functional, autonomous copy and

accumulated mutations thereafter, or may have been propagated from a genomic

copy that was already nonautonomous.

A second category, Type 2, more interesting than the first because it sheds light

on what is minimally required for transposition, consists of groups of nonautono-

mous mobile elements that have conserved structures or deletions in which one,

several, or all protein-coding domains are missing. Type 2 elements have made a

successful “lifestyle” of being nonautonomous. Members of this category likely

arose from among the variety of mutated forms in the first category. Effective,

repeated replication and propagation of particular individual elements gave rise to

families or subfamilies of elements with conserved deletions. Further, stepwise

deletions and cycles of replication and propagation may lead to conserved groups of

elements lacking all protein-coding domains.

Type 3, like Type 2, contains nonautonomous elements of conserved structure,

but these are not derived from transposable elements. Instead, they coincidentally

possess the signals required for replication due to their role in other or earlier

cellular functions. Classic examples of this category are the SINE elements, which

will be discussed in more detail below.

Type 4 contains many elements that can no longer be mobilized in trans without
restoring mutations. These are both nonautonomous and inactive and may be

derived from members of either of the first two categories. These are the true fossils

of the genome. Further insertions, deletions, and point mutations may render them

unrecognizable as derivatives of transposable elements.
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5.2.3 Examples of Type 2 Nonautonomous Retrotransposons

A good example of a Type 2 nonautonomous element is the BARE2 retrotransposon
of barley (Tanskanen et al. 2007), a member of the Copia superfamily. BARE2 is a

conserved, abundant, and insertionally polymorphic subfamily of the BARE family

of retrotransposons and has most of its protein-coding domains intact. However, it

has a small, conserved deletion that removes the gag start codon, so that it cannot

produce this protein. Instead, the capsid protein is supplied to it by BARE1 for

packaging (Tanskanen et al. 2007). Further along the pathway of ORF loss are the

Morgane elements of wheat and its relatives (Sabot et al. 2006).Morgane lacks the
Gag entirely; the degenerate polyprotein is, however, still recognizable as belong-

ing to the Gypsy superfamily, though it is riddled with stop codons. Nevertheless,

Morgane possesses the PBS and PPT motifs needed for reverse transcription.

An endpoint of ORF degeneration, on a continuum from BARE2 through

Morgane and onward to complete loss of coding capacity, is represented by the

Large Retrotransposon Derivative (LARD) elements. LARDs code for no protein,

but possess a long internal domain with a predicted well-conserved RNA structure

(Kalendar et al. 2004). The LARDs were found to be abundant (estimated

1.3 � 103 full-length copies and 1.16 � 104 solo LTRs in barley), polymorphic

in their insertion sites, and widespread within the grass tribe Triticeae, possessing

4.4-kb LTRs and �3.5-kb internal domains flanked by the PBS and PPT priming

sites for reverse transcriptase. The conserved RNA structure and priming sites

suggests that LARDs have evolved to be reverse transcribed and packaged by the

proteins of another retrotransposon, apparently of the Gypsy superfamily.

If a retrotransposon can replicate without encoding proteins, the internal domain

may be dispensed with as well, providing that the RNA template for cDNA still can

be packaged. This requires retention of the PSI and DIS motifs, described above.

Such reduced elements, where the signals for replication have been retained but the

rest of the internal domain virtually completely deleted, are exemplified by the

Terminal Repeat retrotransposon In Miniature (TRIM; Witte et al. 2001; Kalendar

et al. 2008). These lack protein-coding capacity and have only very short internal

domains, but nevertheless are abundant and conserved in plants.

Among the TRIM retrotransposons, Cassandra is a particularly interesting family

(Kalendar et al. 2008). These elements are 565–860 bp overall, comprising 240–350 bp

LTRs flanking a PBS, PPT, and as little as 34 bp in between these signals. Their LTRs

all contain conserved 5S RNA sequences and associated RNA polymerase (pol) III

promoters and terminators. These resemble the 5SRNAcomponents of ribosomes. The

predicted Cassandra RNA 5S secondary structures resemble those of cellular 5S

rRNA, with high information content specifically in the pol III promoter region.

Cassandra thus appears both to have adapted a ubiquitous cellular gene for ribosomal

RNA for use as a promoter and to co-opt an as-yet-unidentified group of

retrotransposons for the proteins needed in its lifecycle. The occurrence of Cassandra
in the ferns, tree ferns, and in all the angiosperms that have been investigated to date

places their origin at least in the Permian, 250 MYA, and suggests that their means of

replication as nonautonomous elements has been highly successful for a very long time.
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5.2.4 Examples of Type 3 Nonautonomous Retrotransposons

Similar to the TRIMs in their degree of reduction are the short interspersed

elements (SINEs), nonautonomous Class I elements that are mobilized by non-

LTR retrotransposons. Rather than being derived from LINEs by reduction or

mutation, SINEs comprise a diverse group of sequences, sharing the ability to be

recognized by the enzymatic machinery of the LINEs (Goodier and Kazazian

2008). They are highly abundant in mammalian genomes, with numbers ranging

from 104 to 106 (Kramerov and Vassetzky 2005), but are also found in plants and

elsewhere (Deragon and Zhang 2006). Although sharing a mechanism of propaga-

tion and a classification as a Order of Class I elements (Wicker et al. 2007), SINEs

are polyphyletic in origin and are derived variously from tRNA, rRNA, and other

pol III transcripts (Kramerov and Vassetzky 2005). They are generally 150–200 bp;

those originating from tRNA possess the tRNA sequence at their 50 ends and

homology at their 30 ends to a LINE from the same genome, which is thought to

provide binding sites for LINE-encoded proteins. The 30 tails are generally AT rich,

betraying origins as reverse-transcribed gene transcripts. Although the enzymology

of SINE retroposition is not fully understood, at least for the Alu SINE element of

humans, one of the LINE L1 proteins, ORF2p, is needed while the other, ORF1p,

may aid the movement (Kroutter et al. 2009).

5.2.5 Classification of Nonautonomous Retrotransposons

Classification of nonautonomous retrotransposons, and nonautonomous transposable

elements in general, can be problematic. The current consensus classification (Wicker

et al. 2007; see also a review on this topic, Chap. 1) hierarchically divides TEs,

respectively, by the presence of an RNA transposition intermediate (Class), mobility

during reverse transcription and the number of DNA strands cut at the TE donor site

(Subclass), major differences in insertion mechanism (Order), large-scale features

such as the structure of protein or noncoding domains (Superfamily), and DNA

sequence conservation (Families and Subfamilies). Type 1 nonautonomous elements

are relatively easy to fully classify down to the family level. Type 2 elements such as

BARE2, if their internal domains retain coding capacity, can generally be placed as

subfamilies within TE families. Highly reduced elements, such as the TRIMs

discussed below, may be impossible to define below the level of subclass on the

basis of sequence analysis and may require experimental data such as evidence for

packaging or interactions with the gene products of autonomous elements for more

precise phylogenetic placement.

Type 3 elements present a special problem for classification because they can be

polyphyletic in origin. Moreover, while some SINEs, for example, may rely on a

particular partner for mobilization, others are relatively nonspecific (Kajikawa and

Okada 2002). The same may be the case for highly reduced nonautonomous LTR
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retrotransposons such as TRIMs. For such elements, association to the level of

order based on mechanistic considerations may be the limit to what is possible.

Depending on their origin or degree of degeneracy, Type 4 nonautonomous

elements may or may not be possible to classify. The scheme of Wicker et al.

(2007) allows for an “X” to denote ambiguity in the classification of a TE by the

three-letter code defining its phylogenetic position.

5.3 Population Structure of Nonautonomous Elements

A thought-provoking feature of the highly reduced, nonautonomous TEs, such as

SINEs and TRIMs among the retrotransposons and MITEs among the DNA

transposons, is their exceptional abundance. One can view the great abundance of

small nonautonomous elements and the comparative rarity of large autonomous

elements metaphorically, as abundant but small parasites carried by individual large

organisms. While the relative numbers of organismal hosts and parasites reflect an

ecosystem’s carrying capacity as related to size and niche, the meaning of this model

for replicating entities within a genome is far from clear. Themechanisms behind the

differences in abundance between autonomous TEs and their small, nonautonomous

derivatives or partners are likewise opaque. However, the high probability of

formation and the low cost or the selective advantage of the symbiotic lifestyle of

nonautonomous elements may be the factors affecting their prevalence.

5.4 Evolution of Autonomous and Nonautonomous

Retrotransposons

The minimalist SINEs and TRIMs illustrate the principal that so long as processing

and recognition signals such as, for TRIMs, the PBS, PPT, PSI, and DIS remain

present in cis, all of the proteins needed for propagation can be supplied in trans.
Hence, the nonautonomous TEs provide a model for the de novo evolution of

mobile elements. Today, the proteins for replication and packaging are supplied

in trans to nonautonomous elements. In the deep past, the proteins ancestral to those

of modern TEs could have acted in trans to mobilize nascent Class I or Class II

elements. The various coding domains and replication signals need not have been

assembled simultaneously but could have been captured or added sequentially. The

respective likelihoods of TEs arising de novo and nonautonomous derivatives

appearing are not equal, however. The abundance of nonautonomous elements in

the genome demonstrates that the loss of coding capacity occurs often. Independent

evolution of new types of TEs, based on the presence of relatively few (two classes,

nine orders; Wicker et al. 2007) types of transposable elements in the eukaryotes,

appears to happen rarely.
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One can nevertheless begin to model the evolution of TEs based on the nonau-

tonomous elements as the minimal functional unit needing to be assembled in cis.
Focusing on the retrotransposons, mobility requires propagation of a copy, which

requires an integrase enzymatic function to break the genomic DNA and integrate a

mobile DNA segment into the chromosome. The LTR retrotransposon integrases

are part of a large range of DNA-active enzymes that share the DDD or DDE motif

at the active site, including the V(D)J recombinases and the bacterial transposases

(Keith et al. 2008). This implies a common origin; recent structural studies of the

enzymes strongly support this view (Hickman et al. 2010; Montaño and Rice 2011).

Early on, it was noticed that retrotransposons, retroviruses, and bacteriophage Mu

all share the terminal TG. . .CA ends that are found within LTRs (Temin 1980). The

formation of terminal inverted repeats (TIRs) flanking a promoter within the

ancestral retrotransposon provided recognition and binding sites for the primordial

integrase, allowing its propagation. Research to identify the amino acid residues of

integrase that interact with the LTR (Dolan et al. 2009) should eventually allow a

clear picture to emerge of the coevolution of integrases and their recognition sites.

An LTR is, in essence, a pair of TIRs flanking a promoter, terminator, and

polyadenylation signal, the whole of which is then repeated twice. The short TIRs

recognized by the integrase almost universally share the 50 TG. . .CA 30 termini that

form the outer nucleotides of the TIRs. Promoters are plentiful in the genome, and

terminators, polyadenylation signals, and 5- or 6-bp repeats are short enough to

occur with high frequency. In between the two LTRs, one needs the PBS and PPT

signals as a minimum for reverse transcription. Although it seems at first glance to

be unlikely that two LTR repeat units would occur close to one another in the

genome by sheer chance, the process of replication by reverse transcriptase,

involving two strand jumps, homogenizes the two ends of the final double-stranded

cDNA, creating the LTRs. It is not so implausible to imagine that the acquisition of

a tRNA gene near a promoter and of a purine-rich tract near a terminator, together

with the presence of a stretch of a few 10s of bases of similar nucleotides at either

end, would have permitted reverse transcription to create two LTRs, each

possessing the promoter and terminator flanking the genes.

The reverse transcriptase itself appears to be derived from an ancient family of

enzymes involved in nucleic acid metabolism, in this case polymerization. This

view is supported by the presence in plants, animals, fungi, protists, and bacteria of

a conserved family of genes, rvt, which encode polymerases able to incorporate

both ribonucleotides and deoxyribonucleotides (Gladyshev and Arkhipova 2011).

All retrotransposon reverse transcriptases have in their catalytic center a highly

conserved motif, generally YVDD, which is surrounded by several small hydro-

phobic amino acids, together referred to as the reverse transcriptase signature.

The eukaryotic telomerase enzyme, which adds telomeres to the ends of

chromosomes through reverse transcription of an RNA template, contains a similar

motif in its catalytic center (Autexier and Lue 2006; Lue et al. 2005; Lingner et al.

1997). Structure-based alignments indicate that the rvt enzymes most closely

resemble modern LINE reverse transcriptases and belong with them in a larger

family including the reverse transcriptases of LTR retrotransposons, retroviruses,
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pararetroviruses, telomerases, and the PLE order of Class I elements. Thus, Class I

reverse transcriptase and telomerase are descendants of a common ancestral

enzyme. The earliest retrotransposon reverse transcriptase probably then fused

with an RNaseH gene. Subsequent acquisition of regulatory sequences gave rise

to the structurally simplest known Class I elements, the non-LTR retrotransposons.

Once a template is primed, reverse transcriptases are generally nonspecific. Hence,

reverse transcription of a primordial retrotransposon could well have been carried

out in trans by an enzyme not encoded by the TE itself.

Autonomous LTR retrotransposons appear to have arisen as a fusion of a reverse

transcriptase and an integrase. Such a fusion event appears to have occurred at least

twice, each leading to the formation of the two main LTR retrotransposon

superfamilies, Gypsy and Copia (Fig. 5.1). The LTRs of Gypsy and Copia elements

are very similar in their overall structure and function and in the presence of

TG....CA ends. The similarities are unsurprising, considering both the similarity

in the integrases that recognize the LTRs and the reliance of all LTRs on conserved

transcriptional machinery. As argued above, LTRs may arise relatively easily over

evolutionary time. Hence, if the primeval Gypsy and Copia elements evolved

independently, they could have acquired LTRs independently. Alternatively, both

have evolved from an ancestral LTR-containing intermediate.

5.5 Conclusions

The life cycle of retrotransposons involves stages of transcription, translation,

packaging, reverse transcription, and integration. Loss of any of the functions

will render a retrotransposon incapable of completing its life cycle autonomously.

However, complementation in trans by proteins expressed by another

retrotransposon can restore the ability of nonautonomous elements to transpose.

Nonautonomous elements may be unable to express one or more proteins, or they

may lack coding capacity entirely. It appears that all that needs to be retained are the

signals required in cis, respectively, within the element residing in the genome, for

transcription, termination, and polyadenylation, within the transcript for dimeriza-

tion, packaging, and reverse transcription, and within the cDNA copy for integra-

tion. The signals are enough for transcripts of nonautonomous elements to hitch a

ride in the VLPs of an autonomous retrotransposon and be carried as cDNA to

elsewhere in the genome.

Because of the many ways in which full function can be lost from an autono-

mous retrotransposon, the nonautonomous elements probably form the majority of

all TEs. Moreover, major groups of nonautonomous elements have highly

conserved, but deleted internal domains where the open reading frame normally

resides; these tend to be abundant. These groups have become specialized as

effectively propagating nonautonomous elements. Besides clarifying how much

of the genomic DNA that does not code for long ORFs may nevertheless be mobile,

the trans-complementation model helps explain how autonomous retrotransposons

may have evolved through sequential gain of function.
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An important question which remains unanswered is the effect of nonautono-

mous retrotransposons on their autonomous partners: are they propagating at the

expense of the partners providing proteins in trans? For example, if nonautonomous

elements are freer to optimize very efficient packaging structures in the absence of

constraints to maintain open reading frames, will they block replication of the

autonomous partners, leading to their ultimate demise? While scenarios can be

modeled, the question will need to be addressed by finding and studying the

partnerships experimentally. The answer has major evolutionary consequences

for the genome, affecting the relative rates of gain versus loss of retrotransposons

and thereby genome size (Hawkins et al. 2009).

A related question is to what extent a nonautonomous retrotransposon group is

dependent on a particular autonomous family for replication, and to what extent the

nonautonomous elements are generalists and can be complemented by many or all

autonomous elements. A specialist group will disappear if its autonomous partners

in the genome should all become nonautonomous or inactive. A third alternative

over evolutionary time is, like a surfing sailboat moving from wave to wave, to

develop specificity for a new, active group as the older one declines. This is

conceivable given the high mutation rates of retrotransposon replication. Despite

the importance of retrotransposons to genome dynamics and gene activity (e.g.,

through epigenetic effects), our understanding of their biology is still in a primitive

state.
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Chapter 6

Plant Endogenous Retroviruses? A Case

of Mysterious ORFs

Howard M. Laten and Garen D. Gaston

Abstract Endogenous retroviruses have traditionally been defined as descendants

of extinct retroviruses that infected and integrated into the chromosomes of host

germ-line cells and were thereafter transmitted vertically as part of host genomes.

Most retain at least the vestiges of genes once required for infectious horizontal

transfer, namely envelope genes. In contrast, the long evolutionary histories of

retrotransposons are presumed not to have included infectious ancestors. With the

characterization of the Gypsy retrotransposon in Drosophila melanogaster as an

infectious, endogenous retrovirus, these distinctions have blurred. A number of

plant LTR retroelements possess coding regions whose conceptual translations

produce hypothetical proteins with predicted structural elements found in viral

envelope proteins, and the term endogenous retrovirus began to be applied to

these elements. The question of whether any of the many plant retroelement

genes now annotated as “env-like” generate proteins that have or had envelope

functions remains unanswered. This review reevaluates the available data.

Keywords LTR retrotransposon • Endogenous retrovirus • Envelope protein •

Transmembrane • Coiled coil • Sirevirus • Env-like

6.1 Beyond gag and pol: Plant Retroelements with Extra ORFs

While plant LTR retrotransposons are generally easily identified by conserved

domains in the POL polyprotein [retropepsin (PROT), integrase (INT), reverse

transcriptase (RT), and RNase H (RH)], and to a lesser extent by zinc knuckle

RNA-binding motifs in GAG, there are a significant number of families among both
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Ty3/Gypsy and Ty1/Copia superfamilies that possess additional or extra open

reading frames (eORFs) (Fig. 6.1). The conceptual translations of most of these

eORFs produce novel proteins with no definitive homology to proteins with known

functions (Peterson-Burch et al. 2000; Wicker and Keller 2007; Grandbastien 2008;

Steinbauerová et al. 2012), nor have protein products from these eORFs been

isolated, let alone functionally assayed. In most cases, these regions are found

between pol and the 30 LTR (30 eORFs) (Fig. 6.1), but there are several exceptions
(Steinbauerová et al. 2012). Members of the Ogre lineage, best characterized in

legumes, possess conserved, intact 50 eORFs between the 50 LTR and gag (Fig. 6.1)
(Neumann et al. 2003; Macas and Neumann 2007; Steinbauerová et al. 2012).

There are a few instances of small numbers of elements containing fragments

of recognizable host genes, the probable result of transcriptional readthrough or

recombinational capture (Jin and Bennetzen 1994; Du et al. 2006; SanMiguel and

Vitte 2009; Steinbauerová et al. 2012). It is doubtful these host genes played any

functional role, and these elements will not be addressed here. Interestingly,

Steinbauerová et al. (2012) reported partial sequence similarities in eORFs to the

plant mobile domain, a member of a group of conserved zinc finger motifs found in a

large superfamily of eukaryotic transcription factors and shown to be associated with

MULE transposases (Babu et al. 2006). These similarities were foundwithin 50 eORFs
or 30 eORFs in a single clade of Ty3/Gypsy elements that included the Ogre family.

Finally, the DIRS-1 retrotransposon family is characterized by a domain encoding a

tyrosine recombinase at the 30 end of pol (Poulter and Goodwin 2005; Wicker and

Keller 2007), but no representatives have been found in plants (Piedöel et al. 2011).

The partial conservation of the conceptual translations of some 30 eORFs in

several retroelement families in species as distantly related as Arabidopsis, tomato,

soybean, maize, and barley strongly suggests that these proteins play or have played

an important role in the proliferation of these elements. What that role or roles may

be is open to speculation, but for reasons that will be discussed below, many of

these eORFs were described as “envelope-like” based on varying degrees of

predicted secondary structure similarity of their conceptual translation products to

viral envelope proteins (Laten et al. 1998; Peterson-Burch et al. 2000; Vicient et al.

2001; Wright and Voytas 2002; Boeke et al. 2005b; Holligan et al. 2006; Hafez

et al. 2009; Laten and Bousios 2012). By extension, it has been suggested that these

retrotransposon families are analogous to animal endogenous retroviruses (Kumar

1998; Laten et al. 1998; Peterson-Burch et al. 2000; Wright and Voytas 2002), the

integrated vestiges of ancient infectious retroviruses.

3’ eORF5’ eORF gag pol 3’ LTR5’ LTR

Fig. 6.1 Structure of LTR retroelements with extra ORFs. LTRs, black triangles; extra 50 ORF,
blue arrow; gag, brown arrow; pol, green arrow; 30 extra ORF, red arrow; black dots, noncoding
regions. gag and pol may be fused and translated in a single reading frame, separated by a stop

codon or in different reading frames. Distances between elements are variable. Not to scale
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6.2 Viral Envelope Proteins

Viral envelope proteins are a diverse family of glycoproteins that sponsor attachment,

entry into, and exit from infected cells by “enveloped” viruses like Influenza A,

Hepatitis C, SARS Coronavirus, and HIV (Harrison 2008; Cosset and Lavillette

2011). These processes include peptide cleavage, receptor binding, intracellular

targeting and transport, disulfide bond formation, glycosylation, membrane fusion,

and oligomerization (Cosset and Lavillette 2011). In the case of many, including

those of retroviruses, structural features of the envelope protein may include a signal

peptide, a proline-rich region, transmembrane domains, a coiled coil, a fusion

peptide, and a conserved cleavage site (Wu et al. 1998; Harrison 2008; Cosset and

Lavillette 2011) (Fig. 6.2). Many viral envelope proteins, including those of

retroviruses, are translated as precursors that are cleaved into a surface glycoprotein

and a transmembrane glycoprotein (Hunter 1997) (see Fig. 6.2).

6.2.1 Envelope Protein Variation

While structural and functional elements are shared by diverse groups of viral

envelope proteins, amino acid sequence variation is high, and it remains unclear if

the three major classes of envelope proteins—based on their fusion peptides—are

related by descent from a single ancestral gene (Kadlec et al. 2008; Cosset and

Lavillette 2011). For mammalian retroviruses and endogenous retroviruses, even in

cases where clear evolutionary relationships are inferred from phylogenetic trees

based on RT alignments, the corresponding envelope sequences may have diverged

to the extent that homology cannot be deduced from global sequence-based analyses

(Benit et al. 2001). However, by restricting multi-sequence alignments to transmem-

brane subunits, homology has been inferred across retroviral genomes and those of

other enveloped viruses, such as Ebola and Marburg, with Class I fusion proteins

(Benit et al. 2001). Although not addressed by Benit et al. (2001), the observed

localized sequence similarities could have been the result of convergent evolution or

localized domain capture.

Fig. 6.2 General structural elements of viral envelope proteins. SU surface protein, TM trans-

membrane protein, S–S disulfide bridge
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Kim et al. (2004) suggested that the homology between distantly related

retroviruses is the result of envelope capture, and this hypothesis is supported by

the phylogenetic analysis of Benit et al. (2001). The origins of these envelope genes

are unknown. Furthermore, envelope capture is not unique to vertebrate viruses

(Pearson and Rohrmann 2002) (see below).

In mammals, viral envelope variation in the surface protein subunit is likely driven

to a large degree by positive selection in response to host adaptive immune systems

(Caffrey 2011). While innate immune responses in vertebrates, invertebrates, and

plants have been shown to contribute to the evolution of virulence/effector proteins in

pathogens that attenuate these responses (Finlay and McFadden 2006; Nishimura

and Dangl 2010), there is no evidence that antigenic variation is employed as a

mechanism to escape innate immunity (Finlay and McFadden 2006). Nor is there

any evidence that envelope variants are responsible for suppression or evasion of

silencing of viral gene expression by host siRNAs in plants or animals (Li and Ding

2006; Obbard et al. 2009).

6.3 Endogenous Retroviruses

Endogenous retroviruses (ERV) are the integrated remains of extinct retroviruses that

infected and reinfected host germ-line cells, inserting into germ-line chromosomes

and consequently vertically inherited by generations of host descendants (Bannert

and Kurth 2006; Jern and Coffin 2008; Ribet et al. 2008; Feschotte and Gilbert 2012).

6.3.1 Human and Other Vertebrate Endogenous Retroviruses

With the possible exception of the highest copy-number families (Belshaw et al.

2005), few endogenous human retroviruses appear to be capable of autonomous

retrotransposition in germ-line cells (Belshaw et al. 2004), most likely because of

debilitating mutations and/or epigenetic silencing (Belshaw et al. 2005; Maksakova

et al. 2008). However, some murine ERVs are far more active (Maksakova et al.

2006). In most ERV families, the envelope gene sequences are riddled with nonsense

mutations and deletions. It has been suggested that most, but not all, vertebrate

multi-copy ERV families arose by short bursts of multiple germ-line infections, not

by retrotransposition (Belshaw et al. 2004; Bannert and Kurth 2006; Jern and Coffin

2008). While there is no evidence for recent retrotransposition of human ERVs,

mobilization of ERVs in other mammals has been reported (Maksakova et al. 2006,

2008; Ribet et al. 2007; Stocking and Kozak 2008; Zhang et al. 2008; Wang et al.

2010), and the expression of ERVmRNA and production of proteins in somatic tissue

has been associated with some cancers (Moyes et al. 2007; Howard et al. 2008;

Maksakova et al. 2008).
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6.3.2 Invertebrate Endogenous Retroviruses

Env-like genes downstream of pol have been reported for several invertebrate

LTR-retroelements. Most notably, Gypsy from D. melanogaster has long been

recognized as an endogenous retrovirus (Kim et al. 1994; Song et al. 1994) with

strong evidence that it retains infectivity (Kim et al. 1994; Song et al. 1994; Teysset

et al. 1998; Pelisson et al. 2002; Misseri et al. 2004). While transfer of Gypsy

elements from somatic to germ-line tissue does not require a functional env gene

(Chalvet et al. 1999), the Gypsy envelope glycoprotein has been shown to sponsor

cell–cell fusion in cell culture assays (Misseri et al. 2004). Other invertebrate

retroelements that contain envelope-like coding regions include several additional

Drosophilid elements (Mejlumian et al. 2002; Llorens et al. 2008, 2011), TED, a

lepidopteran element from Trichoplusia ni (Friesen and Nissen 1990; Ozers and

Friesen 1996), yoyo from the Mediterranean fruit fly, Ceratitis capata (Zhou and

Haymer 1998), Tas from the parasitic nematode Ascaris lumbricoides (Felder et al.
1994), Cer7 (Bowen and McDonald 1999) from C. elegans, and two elements, Juno

and Vesta, from bdelloid rotifers (Gladyshev et al. 2007).

The env-like regions of the insect elements have been shown to be homologous

(Terzian et al. 2001). Many of the hypothetical ENV-like proteins contain multiple

structural features common to viral envelope proteins. Based on sequence

similarities, Eickbush and Malik (2002) suggested that the env-like genes in Tas

and Cer7 were derived from a Phlebovirus and a Herpesvirus, respectively. With

the exception of Gypsy, invertebrate retroelements have not been demonstrated to

be infectious. Gypsy and related arthropod elements have been designated as

Errantiviruses (Boeke et al. 2005a).

Several phylogenetic and functional analyses strongly suggest that the genes

encoding the Errantivirus envelope-like proteins are derived from Baculoviral env
genes (Malik et al. 2000; Rohrmann and Karplus 2001; Pearson and Rohrmann

2002, 2004, 2006; Misseri et al. 2003; Kim et al. 2004). However, any homology to

vertebrate retroviral envelope proteins is only weakly supported at best (Lerat and

Capy 1999; Malik et al. 2000), and the very small number of short blocks of amino

acid similarity between conserved Errantivirus envelope proteins and those of

vertebrate retroviruses could be fortuitous, or the result of convergent evolution

or recombinational domain capture.

6.3.3 Are There Plant Endogenous Retroviruses?

Animal endogenous retroviruses have been defined as vertically transmitted,

retroviral-related DNAs distinguished from LTR retrotransposons by the presence

of at least vestiges of an envelope-coding region downstream of pol and/or a close

phylogenetic relationship to extant retroviruses (Boeke and Stoye 1997; Bannert and

Kurth 2006; Jern and Coffin 2008; Feschotte and Gilbert 2012). In the case of plants,

6 Plant Endogenous Retroviruses? A Case of Mysterious ORFs 93



infectious retroviruses have not been reported. However, integrated, vertically

transmitted copies of plant pararetroviral genomes are widespread in both dicots

and monocots (Staginnus and Richert-Poggeler 2006; Hohn et al. 2008). Plant

pararetroviruses, like the Caulimoviruses, are DNA viruses characterized by genomes

encoding GAG, PROT, RT, and RH, as well as additional essential proteins

(Lazarowitz 2007). Unlike retroviruses, pararetroviruses are not enveloped, and

their infectious cycles do not normally include integration into the host genome

(Lazarowitz 2007). Integration appears to be extremely rare, and integrated viral

sequences are generally incomplete, rearranged and mutated, and not known to be

infectious or capable of autonomous retrotransposition (Staginnus and Richert-

Poggeler 2006; Hohn et al. 2008).

The first suggestions that plant genomes might contain endogenous retroviruses

were made based on the presence of predicted ENV-like structural features in the

conceptual translations of LTR elements with 30 eORFs of several hundreds to over
2,000 bp (Laten et al. 1998; Wright and Voytas 1998). Four families of Athila

elements, members of the Ty3/Gypsy superfamily from A. thaliana, were initially
shown to contain extended ORFs downstream of int with conceptual translation

products containing one or more predicted transmembrane regions (Wright and

Voytas 1998). These sequences were not considered to be homologous to retroviral

env genes, but the suggestion was made that the encoded proteins might once have

promoted membrane fusion (Wright and Voytas 1998).

Predicted structural similarities between viral envelope proteins and the conceptual

translation of a 30 eORF of an unrelated element, SIRE1 from Glycine max, were
far more extensive (Laten et al. 1998). The suggestion that SIRE1, a member of the

Ty1/Copia superfamily, encoded an envelope-like protein was derived from several

features of the conceptual translation of the long, uninterrupted 30 eORF in the same

reading frame as pol but separated from pol by a single stop codon. The conceptual

translation of this ORF produced a 70 kDa, 650-amino acid polypeptide (Laten et al.

1998). This hypothetical protein was predicted to contain transmembrane domains at

positions corresponding to the signal and fusion domains of viral envelope proteins

and a strongly predicted coiled coil in a region corresponding to those containing

coiled coils in several viral envelope proteins, including that ofHIV (Laten et al. 1998)

(Fig. 6.2). While the conceptual translation contained only two N-glycosylation

motifs, there were several serines and threonines in contexts known to promote

O-glycosylation, a characteristic of many viral envelope proteins (Pinter and Honnen

1988; Wilson et al. 1991). In addition, there was an extended proline-rich region from

amino acid 60 to 128. The overall amino acid composition of this region was

remarkably similar to those found in the neutralization domains of some mammalian

retroviruses (Laten et al. 1998).

Retroviral envelope proteins are known to be expressed from spliced transcripts

(Rabson andGraves 1997). However, there are no recognizable splice acceptor sites in

SIRE1 or in related elements that would fuse this ORF with an upstream start codon

(Peterson-Burch and Voytas 2002). Nor are there AUG codons downstream of the pol
stop codon thatmight support translational initiation at an internal ribosomal entry site

(Peterson-Burch and Voytas 2002). However, Havecker and Voytas (2003) showed

that the SIRE1 pol stop codon was embedded in a hexanucleotide motif that had
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previously been shown to sponsor developmentally regulated stop codon suppression

in tobacco mosaic virus and in yeast. They demonstrated that the SIRE1 sequence

supported low levels of stop codon suppression (5%) in in vivo readthrough assays and

that suppression was lost with single base-pair changes in the sequence (Havecker and

Voytas 2003).

Once the potential characteristics of these unusual elements were recognized,

analyses of previously reported plant retrotransposons with long uncharacterized

regions between pol and the 30 LTR revealed that conceptual translation of these

interrupted 30 eORFs could generate hypothetical proteins with highly significant

sequence similarity to those described above (Laten 1999; Peterson-Burch et al.

2000) (see Table 6.1). Three of these hypothetical proteins were aligned to highlight

their similarities (Fig. 6.3). The extent and degree of sequence identity was variable

but in the case of SIRE1 and Endovir1 encompassed most of the sequence. The

densities of sequence matches were far greater in the second half of the alignment.

The distances between the pol stop codon and the beginning of the env-like coding
region were also highly variable, ranging from 0 to over 1,000 bp (Peterson-Burch

and Voytas 2002; Laten et al. 2003; Havecker et al. 2005; Weber et al. 2010).

The phylogenetic relationships among groups of retroelements with and without

eORFs are illustrated in Fig. 6.4. A fusion of the network analyses of Llorens et al.

(2009) and the more classical approach illustrated in Eickbush and Jamburuthugoda

(2008), this consensus tree illustrates the widespread acquisition of primarily

30 eORFs with both known, as in the case of vertebrate retroviruses and Gypsy,

and unknown function.

6.3.3.1 Ty1/Copia Sireviruses

The SIRE1 element family in soybean, with as many as 1,350 copies per genome

(Laten and Morris 1993; Du et al. 2010b; Bousios et al. 2012b), is highly conserved

and recently amplified (Laten et al. 2003; Du et al. 2010b; Bousios et al. 2012b).

Nearly all copies have inserted into their present genomic positions in the last

750,000 years, with as many as 10% having done so in the last 30,000 (Du et al.

2010b; Bousios et al. 2012b). SIRE1 has been designated as the Type Species for

the Genus Sirevirus (Boeke et al. 2005b), and based on reverse transcriptase

sequences constitutes a monophyletic group within the Ty1/Copia superfamily

(Boeke et al. 2005b; Du et al. 2010b; Bousios et al. 2012a). This group has been

alternatively designated as the Maximus lineage (Du et al. 2010b) or the Sirevirus

lineage (Bousios et al. 2012a). Not all members of the lineage contain 30 eORFs that
encode hypothetical proteins with ENV-like features (Havecker et al. 2005; Pearce

2007; Bousios et al. 2010, 2012a, b), but those that do have been found in the

genomes of most eudicots and monocots for which extensive sequence data are

available (see Table 6.1). Many of the hypothetical proteins are truncated or heavily

mutated and have not been annotated. The initial recognition and discovery of some

of these 30 eORFs required tBLASTn searches of nucleotide databases using

previously reported ENV-like proteins as queries (Laten 1999; Havecker et al.

2005; Wicker and Keller 2007; Du et al. 2010b; Laten and Bousios 2012).
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Table 6.1 Env-containing plant retroelements. Only elements with full-length or disrupted ORFs

with extended 30 eORFs that give statistically significant hits to other ENV-like sequences are

listed

Family Species References

Ty1/Copia

SIRE1 Glycine max Laten et al. (1998, 2003)

Endovir1 Arabidopsis
thaliana

Kapitonov and Jurka (1999), Laten (1999), Peterson-

Burch et al. (2000)

ToRTL Solanum
lycopersicum

Daraselia et al. (1996), Laten (1999)

Hopie Zea mays Nagaki et al. (2003), Havecker et al. (2005)

Ji9009/Jienv Zea mays SanMiguel et al. (1996), Baucom et al. (2009), Bousios

et al. (2012a)

Giepum Zea mays Bousios et al. (2012a)

Tnd-1 Nicotiana debneyi Kenward et al. (1999), Havecker et al. (2005)

Osr9, Osr10 Oryza sativa McCarthy et al. (2002), Havecker et al. (2005)

SIRE-like Medicago
truncatula

Vitte and Bennetzen (2006), Laten and Bousios (2012)

Lotus1,2, Lj1-3 Lotus japonicus Havecker et al. (2005), Holligan et al. (2006), Du et al.

(2010b)

Maximus Triticum aestivum Wicker and Keller (2007)

Inga Triticum aestivum Wicker and Keller (2007)

Usier Triticum aestivum Wicker and Keller (2007)

Barbara_B Triticum aestivum Wicker and Keller (2007)

SIRE-like Vitis vinifera Wicker and Keller (2007), Bousios et al. (2010, 2012b)

SIRE-like Musa acuminata Hribova et al. (2010)

MguSIRV Mimulus guttatus Laten and Bousios (2012)

Cotzilla1 Beta vulgaris Weber et al. (2010)

BraSIRV Brassica rapa Laten and Bousios (2012), Wang et al. (2011)

SIRE-like Brassica oleracea Laten, unpublished

PsaSIRV Pisum sativum Macas et al. (2007), Laten and Bousios (2012)

AF464952a Vicia faba Chen, Chen, Wang, and Wang, unpublished

SIRE-like Brachypodium
distachyon

Bousios et al. (2012b)

SIRE-like Theobroma cocoa Bousios et al. (2012b)

SIRE-like Trifolium repens Laten, unpublished

SIRE-like Trifolium pratense Laten, unpublished

SIRE-like Antirrhinum
hispanicum

Laten, unpublished

Pyrubu Sorghum bicolor Ramakrishna et al. (2002), Havecker et al. (2005)

SIRE-like Cucumis melo Gonzalez et al. (2010)

Pt copia-like B Poncirus trifoliata Yang et al. (2003), Havecker et al. (2005)

Ty3/Gypsy

Athila1-6,9 Arabidopsis
thaliana

Wright and Voytas (1998), Wright and Voytas (2002)

Calypso Glycine max Wright and Voytas (2002)

Bagy-2 Hordeum vulgare Vicient et al. (2001)

PIGY Pisum sativum Neumann et al. (2005)

MEGY,

Mtr60,64

Medicago
truncatula

Neumann et al. (2005), Du et al. (2010b)

(continued)
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Recognizable conservation of the ENV-like peptide sequences extends to a

broad range of eudicot taxa and includes members in the order Fabales, Vitales,

Brassicales, Solanales, Lamiales, and Caryophyllales. Most of the extended sequence

identities and similarities shared by these hypothetical proteinswould correspond to the

carboxyl half of a retroviral protein encompassing the transmembrane protein and part

of the surface protein (see Fig. 6.2). However, not all of these hypothetical proteins

contain predicted transmembrane domains (Havecker et al. 2005) (Fig. 6.5), and, not

unexpectedly, multi-sequence alignments generated few positions with consensus

residues (Havecker et al. 2005). Weaker sequence similarity corresponding to the

first 300 amino acids of the SIRE1 ENV-like hypothetical protein has only been

detected in short regions of the related elements in L. japonicus (Laten, unpublished).
Additional members of the same lineage, based on their RT sequences, possess several

hundred bp between the pol stop codon and the 30LTR, including PREM-2, Opie-2, and

most members of the Ji lineage from maize, and Osr7 and Osr8 from rice. These

elements have no discernible 30 eORFs, although the maize Jienv clade does (Bousios

et al. 2012a).

Even among the elements for which env-like ORFs have been deduced, few

Sireviruses with intact env-like regions with greater than 500 contiguous codons

Table 6.1 (continued)

Family Species References

Lj18 Lotus japonicus Du et al. (2010b)

Rigy-2 Oryza sativa Vicient et al. (2001)

Cyclops-2 Pisum sativum Chavanne et al. (1998)

GmOgre/

SNARE

Glycine max Laten et al. (2009), Du et al. (2010a)

Unnamed Gossypium sp. Hafez et al. (2009)

FIDEL Arachis sp. Nielen et al. (2010)
aBased on a 177 nt env-like cDNA that is 74 % identical at the DNA level and 71 % identical at the

amino acid level to genomic SIRE1

Fig. 6.3 Alignment of ENV-like regions from ToRTL1 from S. lycopersicum, Endovir1-1 from A.
thaliana, and SIRE1 from G. max. The env-like ORFs are represented by white bars and are drawn
to scale. Black lines depict noncoding sequences between pol and the start of the env-like ORF.

Regions of amino acid similarity between elements are connected by shading. Percentages on the

left represent the total amino acid similarity over the shaded regions. The numbers of amino acids

in the env-like ORFs are given for each element. Predicted features are denoted as follows: a-
helices, dark gray boxes; b-sheets, arrows; transmembrane domains, slanted line boxes. Adapted
from Peterson-Burch and Voytas (2002) with permission
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have been found. The recognition of others are often derived from consensus

sequences generated from multi-sequence alignments (Wicker and Keller 2007;

Laten et al. 2009). Among those that possess long intact 30 eORFs, the G. max,
L. japonicus, B. vulgaris, and M. guttatus Sireviruses encode hypothetical ENV

proteins of 648–680, 630–949, 606, and 780 amino acids, respectively, for SIRE1

(Laten et al. 2003), Lotus2 (Holligan et al. 2006), Cotzilla1 (Weber et al. 2010), and

MguSIRV (Laten and Bousios 2012).

Neighbor joining trees of Sirevirus RT domains showed that those elements

containing intact or vestiges of “ENV-like” domains appear to be monophyletic

(Bousios et al. 2010, 2012a; Du et al. 2010b). Members of the Maximus lineage

(Wicker and Keller 2007) all fall within the Sirevirus clade based on their RT

domains (Fig. 6.6) (Bousios et al. 2010; Du et al. 2010b) and most are characterized

by extended GAG regions with multiple RNA binding motifs and predicted coiled

Fig. 6.4 (a) Simplified, unrooted phylogeny of LTR-related retroelements. Modeled with modifi-

cation after Eickbush and Jamburuthugoda (2008) and Llorens et al. (2009). Branch lengths do not

represent distances. (b) Presence of eORFs in one or more members within terminal clades

representing groups of related subfamilies indicated with Y. Absence of eORF in all subfamilies

within a terminal clade indicated with N. Metaviridae family defined by Boeke et al. (2005a).

Pseudoviridae family defined by Boeke et al. (2005b). Data sources for B: Llorens et al. 2011;

Steinbauerová et al. 2012; King et al. 2012 (http://ictvonline.org/index.asp)
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coils (Peterson-Burch and Voytas 2002; Havecker et al. 2005). Bousios et al. (2010)

have also described a number of highly conserved features in Sirevirus noncoding

regions in the LTR and immediately upstream of the 30 LTR.
The Sirevirus group in L. japonicus is the predominant Ty1/Copia lineage in

L. japonicus, constituting 40% of these retroelements (Holligan et al. 2006). This

group is also among the most recently amplified in the L. japonicus genome, with

many members possessing identical LTR sequences (Holligan et al. 2006). As in

the case of SIRE1, most of the full-length elements in this lineage contain intact

30 eORFs ranging in length from 630 to 949 codons. The conceptual translation

products in two of three sub-lineages contained predicted transmembrane domains

and the product of one sub-lineage also contained a predicted coiled coil (Holligan

et al. 2006). However, Holligan et al. (2006) reported that significant similarities

among the ENV-like sequences were restricted to the individual sub-lineages.

SIRE is also the predominant retroelement in the Ty1/Copia lineage in G. max
(Du et al. 2010b), and the Maximus lineage is the predominant retroelement group

in banana, constituting 13% of that genome (Hribova et al. 2010). The Osr8 lineage

in the Sirevirus clade (Fig. 6.6) is also the most abundant Ty1/Copia lineage in the

rice genome (McCarthy et al. 2002).

In the maize genome, retroelement families identified as members of the

Sirevirus lineage with ENV-like domains, Hopie, Giepum, and Jienv, and those

without, Opie and Ji, are represented by >10,600 intact and approximately 28,000

degenerate copies (Bousios et al. 2012a). This constitutes as much as 90% of the

total population of Ty1/Copia elements in maize. Many of these insertions occurred

within the last 600,000 years (Bousios et al. 2012a).

Cotzilla1 from B. vulgaris is another recently reported member of the Sirevirus

genus (Weber et al. 2010). Conceptual translation of its env-like gene generates a
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proline-rich region and a predicted coiled coil near the carboxyl terminal but no

predicted transmembrane domains (Weber et al. 2010). The 606-codon env-like
ORF begins 561 bp downstream from the end of pol. With an estimated copy

number of 2,100 and members as young or younger than 290,000 years, Cotzilla

may be the youngest and most abundant retroelement family in the sugar beet

genome (Weber et al. 2010).

The lineages containing G. max and L. japonicus are estimated to have separated

from each other over 50 million years ago (Lavin et al. 2005). In addition to the

genus Lotus, the latter lineage contains the generaMedicago, Pisum, and Trifolium.
While the species in these genera contain Sirevirus-like sequences with at least

fragments of homologous env-like ORFs, fully intact env-like ORFs have not been

Fig. 6.6 Neighbor joining phylogenetic tree based on shared RT/RH domains highlighting the

Sirevirus clade. From Bousios et al. (2010)
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reported. The relative youth of the apparently functional copies of the Sireviruses in

G. max and L. japonicus suggests that significant amplification of one or a few

ancestral copies with preexisting intact env-like ORFs occurred over the last few

hundreds of thousands of years, with integration of some copies of diverged

sub-lineages within the last tens of thousands years (Laten et al. 2003; Holligan

et al. 2006; Du et al. 2010b). The presence of intact or nearly intact retroelement

30 eORFs that have retained and/or acquired shared predicted structural elements

over such a broad range of taxa argues strongly for function. However, expression

of these elements has not been unequivocally demonstrated.

In the case of SIRE1, transcripts were not detected in northern blots, but gag, rt
and env transcripts were detected by RT-PCR of leaf and/or root tissue (Lin 2001).

However, amplification of RNAs derived from high copy-number elements does

not signify functional expression because of the strong possibility of cryptic

transcriptional initiation or readthrough sponsored by adjacent promoters. The 30

EST sequences containing SIRE1 fragments in the Genbank database as of May

2011 are equally distributed among sense and antisense transcripts (Gaston 2011).

The SIRE1 env-like ORF has been expressed from fusion constructs in

S. cerevisiae (Gouvas and Laten, unpublished) and in E. coli (Gaston 2011). In

the case of the former, yeast two-hybrid screens suggested that the protein self-

associates and forms protein–protein interactions with at least two other soybean

proteins with transmembrane domains (Gouvas and Laten, unpublished). In prelim-

inary experiments, polyclonal antibodies raised against a sub-region expressed in

E. coli bound to a 65-kDa protein isolated from soybean callus tissue (Gaston

2011). The protein has not been identified, but is only slightly smaller than the

70 kDa predicted for the SIRE1-4 ENV.

6.3.3.2 Plant Ty3/Gypsy “Endogenous Retroviruses”

The number of plant Ty3/Gypsy elements characterized as encoding ENV-like

proteins is presently fewer than that in the Sirevirus lineage but just as widely

distributed among taxa (Grandbastien 2008). As in the case of the Sireviruses, there

is considerable variation in the amino acid sequences of the conceptually translated

ORFs and in the possession of ENV-like secondary structures in elements from

Arabidopsis (Wright and Voytas 1998, 2002), soybean (Wright and Voytas 2002;

Du et al. 2010b), pea (Neumann et al. 2005), and barley (Vicient et al. 2001). These

include transmembrane domains, coiled coils, cleavage sites, and N-glycosylation

motifs. Many other elements within the same lineages possess vestiges of these

regions that can be shown to be related through tBLASTn searches (e.g., Neumann

et al. 2005). With the exception of one family (see below), all fall within the Athila

clade based on their RT sequences.

The Athila family itself was the first among plant elements in the Ty3/Gypsy

superfamily to be labeled as possible endogenous retroviruses based on the pres-

ence of 30 eORFs whose conceptual translation produced hypothetical proteins with
strongly predicted, transmembrane domains (Wright and Voytas 1998, 2002).
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Although highly degenerate, consensus elements were constructed for seven

subfamilies, and all contained ENV-like hypothetical proteins with at least one

predicted transmembrane domain (Wright and Voytas 2002). In addition, splice

acceptor sites were predicted near the beginning of the 30 eORF (Wright and Voytas

1998, 2002). The Athila4 consensus generated a 619-amino acid ENV-like hypo-

thetical protein (Wright and Voytas 2002).

With the recognition that 30 eORFs inTy3/Gypsy elementsmight encodeENV-like

proteins based on shared predicted secondary structural elements, related elements

were sought and found in a broad range of taxa beginning with two related element

families: Cyclops-2 in P. sativum (Chavanne et al. 1998; Peterson-Burch et al. 2000)

and the Calypso family in G. max (Peterson-Burch et al. 2000; Wright and Voytas

2002) (see Table 6.1). The env-like ORF in the former was 423 codons and 420 in the

latter. As in the case of Athila, Calypso had a strongly predicted splice acceptor site

near the 50 end of the env-like ORF (Wright and Voytas 2002). Analyses of the

transmembrane domains suggested targeting to the plasma membrane in the case

of Calypso2 and the endoplasmic reticulum in the case of Athila4 (Wright and

Voytas 2002).

While individual members of the Athila and Calypso families are degenerate and

appear to be nonfunctional, a related family in barley, Bagy-2, contains copies

with intact ORFs for gag and pol, and an intact env-like ORF whose conceptual

translation produces a 47-kDa protein (Fig. 6.7) (Vicient et al. 2001). Furthermore,

RT-PCR amplification from several tissues with 30 eORF-specific primers suggested

that Bagy-2 is transcribed and that transcripts are spliced (Vicient et al. 2001).

In addition, insertional polymorphisms among a number of related barley cultivars

suggested that Bagy-2 copies have recently transposed (Vicient et al. 2001). A

consensus sequence for a closely related element with an ENV-like hypothetical

protein in rice, Rigy-2, was generated from an alignment of four copies interrupted

by other nested elements (Fig. 6.6). The 30 eORFs in the Rigy-2 consensus sequence
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Fig. 6.7 Features of the Bagy-2 and Rigy-2 retrovirus-like retrotransposons and their predicted
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(LZ), and transmembrane domains (TM). From Vicient et al. (2001) with permission
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contained both nonsense and frameshift mutations (Vicient et al. 2001). Related

elements have also been reported in cultivated allotetraploid cotton and their

diploid progenitors, and the hypothetical ENV-like proteins are strongly predicted

to possess transmembrane domains (Hafez et al. 2009).

TBLASTn searches using the Bagy-2 ENV hypothetical protein retrieved statis-

tically significant hits (e < 10�8) to sequences in several legume species

(M. truncatula, L. japonicus, G. max, V. radiata and V. unguiculata, T. pratense,
A. duranensis, C. cajan, P. vulgaris, and T. labialis), and in carrot (D. carota),
monkey flower (M. guttatus and M. lewisii), tobacco (N. tabacum), and ginseng

(P. ginseng) (Laten, unpublished).
The PIGY family from P. sativum also contains members with 30 eORFs whose

conceptual translations produce hypothetical proteins with predicted transmem-

brane domains. These showed significant amino acid similarity to the Athila

ENV-like hypothetical proteins (Neumann et al. 2005). A related but highly

disrupted family, MEGY, was also found in M. truncatula (Neumann et al. 2005).

Another related element family, FIDEL, has recently been characterized from

peanut (Nielen et al. 2010). The 30 LTR of FIDEL is separated from the end of pol by
2.1 kb, but no members of this family contained an extended ORF in this region

(Nielen et al. 2010). However, conceptual translations of this region in a FIDEL

consensus sequence generated multiple, strongly predicted transmembrane domains

(Laten, unpublished).

As in the case of the Sireviruses, most of the 30 eORFs from these elements—all

members of the Athila clade (Llorens et al. 2011)—are interrupted by multiple stop

codons and/or frameshifts, and recognition of amino acid sequence conservation

across families is often difficult. Nonetheless, these regions appear to have been

under some degree of negative selection during their evolutionary history (Vicient

et al. 2001; Wright and Voytas 2002; Neumann et al. 2005).

Families in the Tat clade, which include Grande1, Tat4, RIRE2, Ogre, RetroSort,

and Cinful-1 (Llorens et al. 2011), also contained regions between the end of pol
and the 30-LTR but none with detectable vestiges of ORFs. However, there is

a family of soybean elements within the Ogre lineage that, despite its close

evolutionary relationship to other legume Ogre families that have no detectable

env-like coding regions (Neumann et al. 2003; Macas and Neumann 2007),

possesses an env-like 30 eORF. GmOgre/SNARE is a family from G. max that

shares the unusual features of Ogre lineage members—a conserved, intact 50 eORF
upstream of gag, a conserved intron in pol, and a minisatellite repeat region

adjacent to the 30-LTR (Laten et al. 2009; Du et al. 2010a). It is the most abundant

transposon family in the soybean genome (Du et al. 2010b). But unlike all other

members of the Ogre lineage, a GmOgre/SNARE consensus sequence from the end

of pol to the minisatellite repeats contains an intact, 425-codon ORF whose

conceptual translation generates a hypothetical protein with patches of significant

similarity to the ENV-like hypothetical proteins from Cyclops-2 and Endovir1

(Laten et al. 2009). tBLASTn searches identified homologous coding regions in

M. truncatula and L. japonicus in disrupted ORFs (Laten et al. 2009). What makes

the GmOgre/SNARE ENV protein especially intriguing is the fact that Cyclops-2 is
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a member of the Ty3/Gypsy superfamily and Endovir1 is a member of the

Ty1/Copia superfamily. This suggests that the ENV-like protein in GmOgre/

SNARE may be a chimera. Du et al. (2010a) suggested that the GmOgre/SNARE

env-like region represents a relatively recent capture event, but it also may reflect

the maintenance of selective pressure in the G. max lineage and the relaxation of

this pressure in the other lineages.

6.4 Origin of Plant env-Like Genes

Because of highly disrupted ORFs and the great diversity of conceptually translated

env-like sequences, even from intact ORFs, homology that extends beyond closely

related families, let alone to functionally characterized envelope proteins, is difficult to

infer. Nor have these sequences been shown unequivocally to be homologous to any

other characterized genes in plant or viral genomes. Nonetheless, it has been proposed

and widely presumed that env-like coding regions were independently acquired or

captured (from an unknown source or sources) by ancestral Ty1/Copia and/or

Ty3/Gypsy retrotransposons (Peterson-Burch et al. 2000; Du et al. 2010b). The

putative chimeric env-like region or GmOgre/SNARE might represent a more recent

fusion event (Laten et al. 2009; Du et al. 2010b). A less likely but not inconceivable

scenario is the possibility that some and perhaps many retrotransposons are actually

the descendants of ancient enveloped retroviruses (Eickbush and Jamburuthugoda

2008) and that genomes, including those of plants (Yano et al. 2005), have recorded

the history of the demise of env genes.
Based on a multi-sequence alignment of an unprecedentedly broad range of

ENV sequences, Du et al. (2010b) created a neighbor joining tree linking sequences

from plant Ty1/Copia and Ty3/Gypsy retroelements rooted to the Drosophila 17.6

ENV protein (Fig. 6.8). Conservation of ENV sequences between the superfamilies

in the alignment is limited to a small number of identical residues and a larger

number that are similar. But these similarities could also reflect convergent evolu-

tion and not evolutionary homology. Nonetheless, assuming homology, the Ty1/

Copia sequences appeared to be monophyletic but the Ty3/Gypsy sequences were

not. Instead, one clade of ENV sequences from Ty3/Gypsy elements in soybean,

Lotus, and Medicago was the sister group to a subset of ENV sequences associated

with elements belonging to the Ty1/Copia superfamily. The neighbor joining trees

of the corresponding RT sequences did not generate this tree topology and

conformed to the expected segregation of all members of the two superfamilies

into two sister clades (Du et al. 2010b). The authors inferred that the Ty1/Copia

env-like gene was acquired from an ancestral member of its sister Ty3/Gypsy clade,

long after the capture of the env-like sequence by an ancestral Ty3/Gypsy

retrotransposon near the crown of the tree (Fig. 6.8). However, this conclusion

was based, in part, on the questionable rooting of the tree to the ENV sequence of a

Drosophila element. Removal of the root generates an unrooted tree whose topol-

ogy leaves open the question of the origin of the ENV sequences.
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6.5 Function of Plant ENV Hypothetical Proteins

There can be little dispute that large numbers of plant retroelement families have

possessed genes encoding transmembrane proteins sometime during their evolu-

tionary history, and that in a few cases what have been called env-like genes still

encode what appear to be potentially functional proteins. However, it seems

unlikely that the expression of an env-like ORF was essential to the proliferation

of most families in the Athila and Tat clades, although traces of their widespread

distribution suggests an important function, even if that function was transient. The

presence of highly conserved, intact env-like ORFs in the hundreds of copies of

Sireviruses in G. max and L. japonicus could be due to strong selection or to their

recent explosive amplification. One can only speculate whether those env-like
genes that appear to have retained function are the products of continuing,

lineage-specific, purifying selection, or resurrected Phoenixes that have emerged

from the ashes of degenerate copies by a variety of mutational processes.

The possible function of plant retroelement ENV-like proteins has been the

subject of much speculation in the nearly total absence of experimental data

(Kumar 1998; Laten et al. 1998; Wright and Voytas 1998, 2002; Peterson-Burch

et al. 2000; Vicient et al. 2001; Grandbastien 2008). Based on predicted secondary

structural elements, and the suggested parallels to endogenous retroviruses in

mammals and invertebrates, membrane fusion has been the most promoted

candidate.

Membrane fusion might be an unlikely choice, however, since cell walls would

preclude this mechanism as an efficient mode of transmission and systemic
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infection in plants. Most plant viruses are transmitted by insect vectors in which the

viruses do not propagate in their insect hosts (Lazarowitz 2007). But in the case of a

few, the viruses also infect the cells of their hosts (propagative viruses) and could

just as well be considered animal viruses (Lazarowitz 2007). This latter group

includes members of two families of enveloped viruses: Rhabdoviridae and

Bunyaviridae. The former includes Sonchus Yellow Net Virus (SYNV) that

generates a virion composed of a lipid envelope embedded with virally encoded

glycoproteins, while the latter includes tospoviruses like Tomato Spotted Wilt

Virus (TSWV) with a genome that encodes two envelope glycoproteins

(Lazarowitz 2007; Whitfield et al. 2005). In their plant hosts, intracellular SYNV

and TSWV particles appear to associate with the nuclear and ER membranes,

respectively (Lazarowitz 2007). In the case of TSWV single-enveloped particles

are formed and transferred to feeding thrips (Kikkert et al. 1999). In thrip hosts,

TSWV virions are associated with the plasma membrane and are released from

infected cells by fusion with the cell membrane (Whitfield et al. 2005). However,

there are no reports of detected homology between any plant retroelement

ENV-like hypothetical protein and those of plant enveloped viruses.

The maintenance of envelope-encoding sequences in these viruses appears to be

directly related to infectivity in their animal hosts, not in their plant hosts. When

maintained solely by serial mechanical inoculations from one infected plant to

another, non-enveloped mutant isolates accumulate (Goldbach and Peters 1996).

These isolates are fully capable of mounting a systemic infection in plants after

mechanical transfer (Goldbach and Peters 1996). However, non-enveloped isolates

with mutations in the glycoprotein genes have been shown to be incapable of

reinfecting the thrip host (Nagata et al. 2000). These observations provide

an attractive, albeit highly speculative, model for the existence of endogenous

retrovirus lineages in plants with nonfunctional and functional env-like genes.

Confirming this model would require at a minimum the discovery of related

elements in invertebrate vectors and demonstrating that virions from plants could

fuse with the plasma membranes of the invertebrate host. Attempts to detect SIRE1

using PCR amplification in several known vectors including several species of thrips

and aphids were unsuccessful (Laten, unpublished). Nor have tBLASTn or BLASTn

searches of the Genbank database retrieved any animal DNA or mRNA with

significant similarity to plant env-like genes. (Laten, unpublished).

6.6 Concluding Remarks

While much is now known about the structure and evolutionary relationships of the

large collection of plant retroelements in both the Ty1/Copia and Ty3/Gypsy

superfamilies that possess a “mysterious” 30 eORF downstream of pol, hard

evidence for the function(s) of the encoded protein(s) remains elusive. Regardless

of whether or not transcripts, spliced or otherwise, represent functional expression,

no reports of protein products have been published, let alone the results of
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functional assays. Potentially functional ENV-like proteins need to be isolated,

either from plant tissue or from cloned constructs. Assays need to be developed and

optimized for the evaluation of not only putative functions, e.g., membrane fusion,

but also for alternative functions. Viral envelope proteins are just one of the many

classes of proteins characterized by transmembrane and/or coiled coil domains,

although the model set by the structure and evolution of animal endogenous

retroviruses has greatly influenced the annotations of these elements. Continuing

to annotate as “env-like” 30 eORFs whose conceptual translations produce hypo-

thetical proteins with transmembrane domains seems ill-advised at the present time,

and the question of the existence of plant retroviruses, endogenous or infectious,

remains unanswered. Function notwithstanding, the env-like genes in plant

genomes are arguably the most abundant protein coding regions in the genomes

of higher plants for which no function has been determined.
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Chapter 7

MITEs, Miniature Elements with a Major Role

in Plant Genome Evolution

Hélène Guermonprez, Elizabeth Hénaff, Marta Cifuentes,

and Josep M. Casacuberta

Abstract Miniature Inverted-repeat Transposable Elements (MITEs) are a partic-

ular type of class II transposons found in genomes in high copy numbers. Most

MITEs are deletion derivatives of class II transposons whose transposases have

been shown to mobilize them by a typical cut-and-paste mechanism. However,

unlike class II transposons, MITEs can amplify rapidly and dramatically and attain

very high copy numbers, in particular, in plant genomes. This high copy number,

together with their close association with genes, endows MITEs with a high

potential to generate variability, and impact gene and genome evolution.
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7.1 Introduction

The term Miniature Inverted-repeat Transposable Elements (MITEs) was coined to

designate different families of short mobile elements featuring Terminal Inverted

Repeats (TIRs) and found in plant genomes in high copy number (Wessler et al.

1995). The first two families described were Tourist and the Stowaway from maize

(Bureau and Wessler 1992, 1994). Sequence homology searches revealed their high

similarity to transposons ofMariner and PIF families, respectively, suggesting that

they could be deletion derivatives of class II transposons (Feschotte and Mouches

2000; Zhang et al. 2001). Since then, MITEs related to all major families of class II

transposons have been reported (Benjak et al. 2009; Kuang et al. 2009; Yang and

Hall 2003b), and MITE families have been described in both prokaryote and

eukaryote genomes (Dufresne et al. 2007; Filee et al. 2007; Han et al. 2010;

Piriyapongsa and Jordan 2007; Surzycki and Belknap 2000), including virtually

all plant genomes analyzed (Benjak et al. 2009; Bergero et al. 2008; Bureau et al.

1996; Cantu et al. 2010; Casacuberta et al. 1998; Grzebelus et al. 2009; Kuang et al.

2009; Lyons et al. 2008; Momose et al. 2010; Sarilar et al. 2011; Schwarz-Sommer

et al. 2010; Yang and Hall 2003b). However, while most MITEs seem to be deletion

derivatives of autonomous elements, which probably mobilize them, in some cases

the situation is less clear. Some MITEs cannot be related to long coding elements

suggesting that in some cases MITEs may arise by the serendipitous juxtaposition

of two inverted repeated sequences which may be recognized by an existing

transposase (Feschotte and Pritham 2007). In other cases, like that of mPing in

rice, the related long coding element has been identified but is absent from the

varieties where mPing is active, suggesting that the element that gave rise to the

MITE has been lost and that other transposases may catalyze its mobilization (Jiang

et al. 2003). The emerging picture is thus a complex relationship between MITEs

and their distantly related autonomous elements (Feschotte et al. 2005).

In addition to their small size and the presence of TIRs, a number of other

characteristics have been associated with MITEs. The sequence of the first MITEs

described was shown to be A/T-rich and to have the potential to form highly stable

secondary structures (Bureau and Wessler 1992), and these characteristics seem to

be shared by a high proportion of the MITEs described to date. However, during

these years no evidence has demonstrated any relevance of these characteristics for

MITEs’ amplification dynamics.

MITEs are frequently found within or close to genes (Casacuberta and

Santiago 2003), although this preference probably varies among different families

(Mao et al. 2000). This trend, combined with their high copy number, endows

MITEs with a great potential to modify gene expression upon mobilization

(Deragon et al. 2008). In this chapter we summarize recent advances in the

identification of MITEs, their mechanism of transposition, and their impact on

genes and genomes. We also point out open questions regarding these miniature

but highly complex elements.
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7.2 MITE Identification

Due to their small size and absence of coding capacity, MITE identification and

annotation is particularly difficult. As is the case for most TE (Transposable

Element) families described to date, the first MITEs discovered were elements

inserted in genes, causing a detectable mutation and phenotype. However, the

availability of whole genome sequences together with the development of appro-

priate bioinformatic tools has enabled the discovery of the high prevalence of these

elements in eukaryotic genomes.

7.2.1 Discovery by Insertional Mutagenesis

The first MITE, dubbed Tourist, was discovered in maize by insertional mutation in

the waxy gene (Bureau and Wessler 1992). Its analysis revealed the presence of

TIRs in the insert, which, combined with the fact that it was found in many copies in

the available gene sequences of the same line, and the presence of a flanking

duplicated sequence, led to the hypothesis that this was actually a mobile repeated

element. Since then, other cases of insertional mutagenesis have led to the discov-

ery of a few other MITEs such as mPing that was found inserted into the gene for

rice ubiquitin-related modifier-1 (Rurm1) and whose excision resulted in the

reversion of the “slender glume” phenotype (Nakazaki et al. 2003) and dTstu1,
the source of a somaclonal variation inducing purple pigment synthesis in a usually

red potato variety (Momose et al. 2010).

7.2.2 Discovery by Bioinformatic Methods

While MITEs as a new superfamily of transposable elements were stumbled upon by

accident and studied using molecular biology techniques, the availability of genomic

sequence data as well as sequence search tools has allowed the identification ofMITE

families by bioinformatic means. One category of methods is based on sequence

similarity to a known MITE or autonomous class II transposon. The second is to

identifyMITE families de novo, exploiting their structural characteristics and the fact

that they are found in large copy numbers.

Certain MITE families are shared among several species, as is the case for

Tourist in cereals, and can be detected by sequence similarity to already defined

MITEs. For example, elements similar to the consensus sequences of the MITEs

first identified in maize and barley (Bureau and Wessler 1992) were found in rice

and sorghum (Bureau and Wessler 1994).

Many MITEs arise as deletion derivatives of their autonomous counterparts, and

thus display sequence similarity to class II transposons. Exploiting this sequence

similarity, newMITEs can be discovered by searching with a full-length element as
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a query. However, while some MITEs are homologous to their autonomous

counterparts in their entire length, others only share the TIR sequences and the

rest of the internal sequence is unrelated, requiring different computational

approaches for either case.

In the first case,MITEs can be identified by genome-wide similarity searches using

the full-length TE as query, as was done in Vitis vinifera to identify MITEs related to

known elements in the CACTA, hAT, and PIF superfamilies (Benjak et al. 2009).

The second case is more difficult as TIRs are short (10–20 nucleotides), and these

can give many spurious hits. Various softwares have been developed to implement

this search. A first example is TRANSPO that takes a TIR sequence and searches for

inverted matches within a certain window and can be paired with the SPAT software,

which performs a hierarchical clustering of the results, thus defining families of

putative elements (Santiago et al. 2002). A second example is the MAK toolkit

(Yang and Hall 2003a) that provides a suite of programs to identify MITE copies,

or a related autonomous element, given a MITE query. This software implements

various modes with different goals. The Member Retriever mode is designed to

retrieve other MITEs similar to the supplied MITE query. The Anchor mode aims

to identify autonomous elements that are related to a given MITE query, and the

Associator mode reports gene annotations nearest to the hits.

With the recent proliferation of whole-genome sequencing data and comparative

analyses, it becomes tempting to mine this wealth of information for entirely new

MITEs using computational methods. Two different approaches for de novo MITE

identification have been used to date, one based on comparative analyses of closely

related organisms and the other exploiting the elements’ structural characteristics

and the fact that they are found in very high copy number.

The first approach is not specific to MITEs, but has lead to the identification of

new MITE families in solanacae related to hAT, Mutator, Stowaway and Tourist
elements by inspecting syntenic regions of resistance gene clusters in tomato, potato,

and tobacco (Kuang et al. 2009). This method of searching for Related Empty Sites

also provides indirect evidence for their mobilization, as discussed below.

The second approach is based on the fact that MITEs present very clear structural

characteristics—exact TIRs and TSDs (target site duplication) upon insertion. How-

ever, these structures are very short and similar ones can arise by chance, leading to

many false positives when the search criteria are limited to two inverted repeats

flanked by direct ones. Thus, the true challenge of in silico MITE identification is

eliminating false positives. Various programs have been developed for MITE identi-

fication in genomic sequences, the latest being MITE-hunter (Han and Wessler

2010). This software is the most sophisticated in that it provides several methods of

eliminating false positives, at various steps of the algorithm. Similarly to others

[FINDMITE (Tu 2001); MUST (Chen et al. 2009)], the first step is to identify

candidate MITEs based on TIRs and TSDs. In a subsequent step, candidates are

discriminated based on copy number by pairwise comparison—elements that do not

align with any other are eliminated as false positives. Then a consensus sequence is

generated for each family and the definition of its borders verified by multiple

sequence alignment with its copies taken with flanking regions. This last step relies
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on the fact that within a certain family, the copies’ terminal sequences (i.e., TIRs and

TSDs) will be near identical and align well but the alignment will break down at the

flanking regions as each element is inserted in a different genomic context.

The surge of available genomic sequence data is a wealth of information for

studying transposons in general, and MITEs in particular. Whole genome sequences

provide the possibility of mining for new elements, impossible until the advent of this

data. Also, comparative analyses between genomes are a powerful tool for identifi-

cation of new elements and following TE movement. Two major technological

advances, besides the progress in sequencing technologies, permit this: the develop-

ment of algorithms for accurate whole-genome alignments (Frith et al. 2010) and

genome resequencing (Stratton 2008). Until now transposon discovery by compara-

tive analysis has been limited to certain syntenic regions, but exploiting this type of

data on a whole genome scale is a promising prospect. Resequencing of varieties or

lines within a species has the advantage of providing highly comparable data of

closely related organisms, giving a perspective of the variations of the transposon

landscape at a small evolutionary scale. Recently, the resequencing of rice lines

issued from cell culture led to the identification of 43 new insertions of 13 different

TEs. Although the authors have not exploited this analysis to look for new elements,

their approach could also be used for de novo identification. In conclusion, genomic

data analysis has provided evidence for MITE mobility and enabled the discovery of

new elements. Furthermore, we can expect that the level of detail and precision at

which we can study mobile elements on the genomic scale will increase with progress

in algorithms for sequence analysis and quantity of data available.

7.3 MITE Transposition Mechanisms

The analysis of Tourist, the first MITE family characterized (Bureau and Wessler

1992), allowed for a first description of the particular characteristics of MITEs.

Tourist elements presented TIRs and subterminal repeated sequences, as well as

TSDs flanking the elements, which make them similar to class II transposons.

However, these elements were present at a higher copy number than typical class II

elements, and their copies showed an unprecedented homogeneity in size and

sequence. These characteristics, later shown to be shared by most MITEs, made it

difficult at the time to classify them. Moreover, MITEs’ transposition mechanism

remained a mystery as no excision event had yet been observed (Wessler et al. 1995).

The first evidence of MITEs’ capacity for excision came from the phylogenetic

analysis of the Stowaway family in 30 Triticae species (Petersen and Seberg 2000)

and was later confirmed by the analysis of a rice slender glumemutant, which carries

an mPing MITE whose excision lead to the reversion of the mutant phenotype

(Nakazaki et al. 2003). The confirmation of MITEs’ potential for excision, together

with the fact that some show high sequence similarity with class II transposons

(Feschotte and Mouches 2000), strongly suggested that MITEs could be deletion

derivatives of class II transposons, mobilized by transposases encoded by their related
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autonomous elements (Casacuberta and Santiago 2003; Feschotte et al. 2002; Zhang

et al. 2001). This hypothesis gained further support from studies showing that the

transposases encoded by class II transposons specifically bind the TIRs and subter-

minal sequences of related MITEs (Feschotte et al. 2005; Loot et al. 2006). The

mobilization of MITEs by class II transposases was finally demonstrated in three

independent reports in animals, plants, and fungi, which showed conclusive evidence

that transposases from a related element were able to mobilize MITEs in vivo

(Dufresne et al. 2007; Miskey et al. 2007; Yang et al. 2007). This mobilization has

also been observed in heterologous systems (Hancock et al. 2010, 2011; Yang et al.

2007), suggesting that, as is the case for typical class II elements, the minimal

requirements for MITEs transposition are a transposase and its binding sequences

within the element. However, although MITEs’ transposition seems in some respects

very similar to that of typical class II elements, it also presents particular features that

make MITEs a very unique type of defective class II elements.

First of all, MITEs seem to be particularly promiscuous with respect to the

transposase they can use for mobilization. Phylogenetic analyses of rice Mariner-
like elements and their related StowawayMITEs suggested that homology restricted

to the TIRs and subterminal sequences may be sufficient for cross-mobilization

(Feschotte et al. 2003). This was confirmed by in vitro protein/DNA interaction

studies showing that rice Stowaway MITEs can interact with transposases encoded

by a panoply of Mariner-like Osmar elements (Feschotte et al. 2005). This promis-

cuity may explain the transposition of the rice Tourist-like elementmPing, which is a
deletion derivative of a class II element Ping, in rice cultivars that are devoid of active
Ping elements but contain potentially active elements of the distantly related trans-

poson Pong (Jiang et al. 2003). Indeed, recent experiments have demonstrated that

mPing can bemobilized in vivo by bothPing and Pong’s transposases (Hancock et al.
2010). Based on these observations a model of MITE dynamics has been proposed in

which MITEs would be generated through a deletion in an autonomous transposon,

then amplification would take place maybe long afterwards, catalyzed by the

element’s encoded transposase or that of a distantly related element, as the former

may even have disappeared (Jiang et al. 2004).

Second, some reports suggest that MITEs may be mobilized more efficiently

than typical class II transposons. It has been shown that some transposases bind

with higher affinity to the MITE sequence than to the transposase-encoding

element, either because the MITE contains additional transposase binding sites in

the subterminal repeated regions (Loot et al. 2006) or because it lacks repressive

sequences present in the original autonomous element (Yang et al. 2009). Both

MITEs’ promiscuity and their higher transposase binding affinity could account for

an increased transposition efficiency with respect to typical class II transposons.

However, this does not seem to explain the third and most striking particularity of

MITEs: their high copy number. Indeed, although the transposition process may in

some cases lead to a moderate increase in copy number (as is the case for typical

class II transposons), it is hard to imagine that the very high copy numbers MITEs

can attain in very short evolutionary timescales (see below) are the result of an

increased number of normal cut-and-paste transposition events. Moreover, while
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MITEs do excise, excision events seem to be rare, as most MITE insertions are

relatively stable even to the point of being used as genetic markers (Feschotte et al.

2002), suggesting that excisions do not correlate with MITE amplification.

What it is known to date explains how MITEs transpose but not how they

amplify to the elevated copy numbers they usually reach in genomes. MITE

transposition and amplification may be two different and uncoupled processes

(Casacuberta and Santiago 2003; Feschotte et al. 2002) with the standard cut-and-

paste transposition generating a moderate or no increase in copy number and

amplification occurring rarely. Alternatively, amplification may result from trans-

position in particular cell types or conditions with higher DNA replication with

respect to cell division, such as endoreduplicating cells.

A structural particularity of most MITEs for which a function has not yet been

determined is their capacity to form highly stable single strand secondary

structures. While it does not seem to be required for MITE cut-and-paste transposi-

tion (Sinzelle et al. 2008), it could affect MITEs amplification. It is tempting to

hypothesize that the formation of single-strand hairpin structures, with double

stranded TIRs, could allow transposase binding and single-stranded excision. It is

interesting to note that the bacterial transposons of the IS200/IS605 family move by

the excision and reintegration of only one of the strands of the transposon leaving

the complementary strand behind. This mechanism is catalyzed by a very particular

type of transposase and linked to replication (Guynet et al. 2008; Ton-Hoang et al.

2010). This particular mode of transposition could easily explain an increase of

transposon copies. In plants, where endoreduplication or re-replication processes

are commonplace, such a mechanism could be particularly relevant.

Irrespective of the mechanism responsible for MITEs amplification, their high

copy number suggests that these elements are particularly successful in avoiding

genome control. Interestingly MITEs are present at a much higher copy number

than the elements coding for the transposase, which mobilize them and from which

they frequently derive from. As silencing is the most general and efficient mecha-

nism to control transposons (Lisch 2009), the separation of the transposase

encoding element, which can be maintained at a low copy number and thus will

not attract silencing, from the transposing unit, the MITE, more difficult to control

as it does not need to be transcribed, could in part explain their success in invading

genomes (Casacuberta and Santiago 2003; Feschotte and Pritham 2007). In accor-

dance with this, it has been shown that the number of sequences related to the

Mariner-like element Lemi1 is low in Medicago truncatula, where it has not given
rise to MITEs, while it is much higher in Arabidopsis where it has given rise to the

Emigrant MITE (Guermonprez et al. 2008).

7.4 Prevalence of MITEs and Their Impact in Plant Genomes

One of the characteristics that make MITEs a singular type of defective class II

transposons is their capacity to reach high copy numbers in genomes (Casacuberta

and Santiago 2003). MITEs are present in virtually all plant genomes, where their
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copy number can vary but usually exceeds that of typical class II transposons. For

example, more than 90,000 MITEs grouped into approximately 100 different

families are present in the rice genome (Feschotte et al. 2003; Jiang et al. 2004;

Juretic et al. 2004). Individual families such as the Tourist and Stowaway families

are found in more than 33,000 and 24,000 copies, respectively, in rice, and some

7,200 and 28,000 copies, respectively, in sorghum (Paterson et al. 2009). Even

though these families are very large, the overall genome fraction MITEs occupy is

relatively small, due to the diminutive size of these elements. Indeed, Tourist and
Stowaway elements combined only occupy 3.24 % and 1.12 % of the rice and

sorghum genomes, respectively, (Paterson et al. 2009). The size of a particular

MITE family may vary greatly among closely related species and even between

landraces. Indeed, it has been reported that while most rice strains only contain

1–50 copies of the mPingMITE, the EG4 strain and related landraces contain up to

1,000 (Naito et al. 2006). These data highlight these elements’ capacity to multiply

rapidly by bursts of amplification, which endows them with the capability to have

an impact in genomes in spite of the low fraction they occupy.

Most MITEs are closely associated with genes in plant genomes. The first MITE

described, Tourist, was shown to be closely associated to maize genes (Bureau and

Wessler 1992), and this characteristic was found to be shared by most MITEs

(Casacuberta and Santiago 2003; Wessler et al. 1995). For example, in rice and

Arabidopsis, the majority of MITEs are located in the euchromatin (Feng et al. 2002;

Santiago et al. 2002; Wright et al. 2003). This close association with genes could be

the result of an insertion site preference or, alternatively, the effect of selection, as it

seems to be the case for some Arabidopsis MITEs (Santiago et al. 2002). MITEs are

not only located close to genes in plants but can also insert within genes, providing

new promoter regulatory sequences (Naito et al. 2009; Sarilar et al. 2011), transcrip-

tion termination elements (Kuang et al. 2009; Santiago et al. 2002), or even new

alternative exons. Indeed, a recent report shows that the insertion of a MITE provides

a functionally indispensable alternative exon in the tobacco mosaic virus N resistance

gene (Kuang et al. 2009). While there are only a limited number of reports showing

an unambiguous implication of MITE in creating new gene functions, there are many

more examples of MITE insertions generating variability in gene sequences. A

paradigmatic case is that of MITE insertions within resistance genes, which have

been reported in rice (Song et al. 1998), barley (Wei et al. 2002), and potato (Huang

et al. 2005). MITEs are also an important target of siRNAs, and their silencing may

affect the expression of neighboring genes. The siRNAs that target MITEs can be of

24 nt (Kuang et al. 2009) or 21 nt (Cantu et al. 2010), suggesting that MITEs are

targets of both transcriptional and posttranscriptional gene silencing. Thus, a MITE

insertion within a gene promoter may attract heterochromatin and silence it transcrip-

tionally, as it has been shown for other transposons (Lisch 2009), and an insertion

within a transcribed region may make it prone to posttranscriptional gene silencing

and mRNA degradation.

This close association with genes, together with their capability of reaching high

copy numbers in short periods of time, makes MITEs a potent motor of gene

evolution. MITE insertions polymorphic among accessions cultivars or lines have
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been reported in pea, sugar beet, grapevine, potato, and Medicago truncatula
(Benjak et al. 2009; Grzebelus et al. 2009; Macas et al. 2005; Menzel et al. 2006;

Momose et al. 2010), and occasionally this variability correlates with phenotypic

differences (Momose et al. 2010). The analysis of a recent burst of amplification of

the mPing element in rice shows an important number of insertions into the 50

region of rice genes, which in some cases result in their transcriptional upregulation

(Naito et al. 2009). The simultaneous insertion of different copies of the same

MITE into different gene promoters may result in the coordinated regulation of

multiple genes creating a so-called regulatory network (Feschotte 2008), as it has

been proposed for mPing insertions in rice (Naito et al. 2009). However MITEs can

also contribute to the coordinated expression of genes in a more subtle way. It has

been shown that MITEs can encode miRNAs and siRNAs in plants (Kuang et al.

2009; Piriyapongsa and Jordan 2008). The frequent insertion of MITEs within

transcribed regions of genes (Benjak et al. 2009; Kuang et al. 2009), and their

capacity to form stable single strand secondary structures, may facilitate the

production of siRNAs from the transcribed elements. Interestingly, it has been

recently shown that MITE-derived siRNAs regulate ABA signaling and stress

responses in rice (Yan et al. 2011). In this context, the insertion of multiple copies

of the siRNA-producing MITE within different genes may also generate a regu-

latory network, as created by mPing MITE in rice (Naito et al. 2009).

7.5 Concluding Remarks

MITEs have been particularly successful in colonizing complex genomes. This is in

part due to the difficulty of silencing them by homology-dependent pathways, as they

are frequently mobilized by transposases to which they are only distantly related.

Their success is probably also a consequence of their capacity to generate more subtle

mutations than most other transposons. Indeed, MITEs are very short elements and

their insertion within the non-translated regions of genes may be easier to tolerate.

Their frequent association with genes, which seems more pronounced that that of

their related DNA transposons, suggests that MITE insertions near or within genes

have been selected for during evolution. The last few years have seen many reports

highlighting the impact of these elements on plant genes’ function and regulation,

attesting to the role MITEs have played in the evolution of plant genomes.
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Chapter 8

Glue for Jumping Elements: Epigenetic Means

for Controlling Transposable Elements in Plants

Thierry Pélissier and Olivier Mathieu

Abstract Transposable elements (TEs) and their derivatives are highly abundant

in plant genomes. The potential mobilization of TEs poses a constant threat to

genome integrity; this hazardous situation may explain why epigenetic regulation

initially emerged. Plants use different epigenetic silencing mechanisms to restrain

TE mobility during different stages of their life cycle. DNA methylation, posttrans-

lational modification of histone tails and small RNA-based pathways contribute to

restraining TE activity. The frontier between these mechanisms is sometimes

blurry, and their exact contributions are complicated to delineate. The availability

of several silencing mechanisms provides versatility that has allowed the hosts’

genomes to individualize the silencing of particular TEs. There is recent evidence,

particularly in Arabidopsis thaliana, that the silencing of TEs is much more

dynamic than had been previously thought and can be relieved in certain cell

lineages or under adverse environmental conditions.

Keywords Transposable elements • Epigenetics • Silencing • Arabidopsis • DNA

methylation • Histone modification • Stress

8.1 Introduction

The rapid development of new sequencing methodologies and their wide-scale

implementation over the past 10 years has resulted in the compiling of genomic

sequences from a variety of organisms. Contrary to previous assumptions,

genomes, particularly plant genomes, are loaded with transposable element (TE)

sequences, and TEs can be the major constituent of a genome (Wessler 2006;

Tenaillon et al. 2010). For example, the maize genome contains about six times
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more transposable element genes than genes that are not encoded for by TEs

(Baucom et al. 2009). TEs are mobile pieces of DNA that have been viewed as

genomic parasites that make additional copies of themselves and insert them at new

genomic positions. Class I TEs, known as retrotransposons, move through an RNA

intermediate, while class II elements transpose via a DNA excision (“cut-and-

paste”) mechanism or, in the case of the more recently identified Helitrons, an

apparent rolling-circle mechanism (Wicker et al. 2007).

In most eukaryotic genomes, including plants, most TEs are clustered around

centromeres; however, a large number of TEs are present on the euchromatic arms

of chromosomes. The vast majority of TEs are defective because of mutations or

deletions, but some full-length elements still retain an intact code and the potential

to transpose. This presents a constant threat to genomic integrity, which led to their

discovery in maize by Barbara McClintock in the late 1940s (McClintock 1948).

Although TE activity has been beneficial to host genomes in some instances, it more

often generates selectively disadvantageous outcomes such as chromosome break-

age or disruption of gene function. To cope with the harmful potential of TE

activity, host genomes have evolved sophisticated mechanisms that counteract TE

mobilization and maintain TEs in a silent, quiescent state. Nonetheless, even silent

TEs are likely to play an important role in the evolution of animal and plant

genomes, because TEs and the mechanisms that regulate their activity have been

co-opted for a wide variety of major cellular processes, ranging from gene regula-

tion to centromere and telomere function, genomic imprinting, and X-chromosome

inactivation (Slotkin and Martienssen 2007; Lisch 2009; Chow et al. 2010).

The mechanisms that silence TEs are epigenetic; they heritably silence the

expression of TEs but do not alter their coding potential. Most often, these

mechanisms generate a repressive chromatin environment that is associated with

specific small RNA signatures and a range of epigenetic marks that affect DNA and

histone proteins. Alternatively, some mechanisms employ small RNAs derived

from TEs to actively target TE mRNA for degradation.

In this chapter, we present these epigenetic processes and how they contribute to

the silencing of TEs with a focus on recent studies that have highlighted the

plasticity of these mechanisms under certain developmental or environmental cues.

8.2 DNA Methylation of Cytosine Residues

8.2.1 Propagation of DNA Methylation Patterns

Although still controversial in animals (Suzuki and Bird 2008), plants incontestably

use DNA methylation to defend against TEs. The cytosine residues of most

eukaryotic genomes can be modified through the addition of a methyl group to

position 5 of the pyridine ring. There are a few exceptions among the commonly

used laboratory model organisms, including yeast (Schizosaccharomyces pombe
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and Saccharomyces cerevisiae), worms (Caenorhabditis elegans), and fruit flies

(Drosophila melanogaster); the genomes of all other organisms analyzed to date

contain detectable levels of DNA methylation, attesting to the ancient evolutionary

origin of this epigenetic modification (Feng et al. 2010; Zemach et al. 2010).

Defects in maintaining DNA methylation lead to a wide range of developmental

abnormalities in plants and to embryonic lethality in mammals. In mammals, DNA

methylation occurs almost exclusively at symmetric CGs. In plants, non-CG

methylation is common, and DNA methylation affects cytosines in all sequence

contexts, including the symmetric CG and CHG contexts (H ¼ A, T or C) and the

asymmetric CHH context.

Mammalian DNA methyltransferase 1 (DNMT1) and its counterpart in plants,

METHYLTRANSFERASE1 (MET1), propagate CGmethylation patterns following

each round of DNA replication. Hemimethylated CG sites that are generated during

replication are recognized by the chromatin-associated proteins UHRF1 in mammals

and VARIANT IN METHYLATION (VIM) in plants, which likely recruit DNMT1

and MET1 to hemimethylated DNA (Bostick et al. 2007; Liu et al. 2007; Woo et al.

2008). A plant-specific protein, CHROMOMETHYLASE3 (CMT3), maintains

DNA methylation in the CHG context, while DOMAINS REARRANGED

METHYLTRANSFERASE2 (DRM2) largely ensures the persistence of CHH

methylation. It is thought that CMT3 is recruited to chromatin via its chromodomain

that binds tomethylated histoneH3 tails (Lindroth et al. 2004). DRM2, an ortholog of

the mammalian DNMT3 methyltransferases, functions in a pathway known as

RNA-directed DNA methylation (RdDM), which is related to the canonical RNA

interference pathway and is targeted to DNA by 24-nucleotide (nt) small interfering

RNAs (siRNAs) (Cao and Jacobsen 2002; Cao et al. 2003; Matzke et al. 2009). This

pathway requires the activity of the plant-specific RNA polymerases IV and V

(Zhang and Zhu 2011). In addition, maintenance of DNA methylation in mammals

and plants also requires the chromatin remodeling factors LSH1 and DECREASE IN

DNA METHYLATION1 (DDM1), respectively; however, the mechanism through

which these two factors affect DNA methylation remains unknown (Vongs et al.

1993; Jeddeloh et al. 1998, 1999; Dennis et al. 2001).

8.2.2 DNA Methylation and Defense Against TE Activity

Studies in maize were among the first to reveal the importance of DNA methylation

in TE silencing. Roughly 40 years after the discovery of TEs by B. McClintock,

studies of the Activator (Ac), Suppressor–mutator (Spm), and Mutator (Mu)
elements revealed that inactivation of these elements was correlated with the

methylation of their DNA (Chandler and Walbot 1986; Chomet et al. 1987;

Banks et al. 1988). Indeed, active transcription of the Ac and Spm elements requires

hypomethylation of their transposase promoter, while DNA methylation of the

autonomousMu-family elementsMuDR is associated with transcriptional silencing

(Hershberger et al. 1991; Rudenko and Walbot 2001). Additional work on
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Arabidopsis later confirmed that the global genomic hypomethylation induced by

mutations of DDM1 results in the transcriptional activation of several classes of

TEs (Miura et al. 2001; Singer et al. 2001; Lippman et al. 2003, 2004). Moreover,

mobilization was detected for the MULE-like element AtMu1 and the CACTA DNA

transposons (Miura et al. 2001; Singer et al. 2001).

More recent analyses of ddm1 mutants have expanded the list of TEs that can be

mobilized in this mutant background based on increases in the copy number of several

families of retrotransposons and DNA transposons (Tsukahara et al. 2009). In mice,

mutations in LSH1 result in hypomethylation and transcriptional reactivation of TEs

(Yan et al. 2003; Huang et al. 2004). These and other experimental data have led to the

conclusion that DNAmethylation is used as part of a genomic immune system against

TE activity.

Perhaps the strongest evidence for such a function of DNA methylation can be

found in recent studies that mapped the distribution of DNA methylation along the

entire Arabidopsis genome. These studies highlighted the ubiquitous methylation of

TEs and showed that TEs and other types of repeated sequences are the most highly

methylated sequences in the genome (Zhang et al. 2006; Zilberman and Henikoff

2007; Cokus et al. 2008; Lister et al. 2008). This observation is not specific

to Arabidopsis and can likely be extended to all plant types based on two recent,

large-scale studies that quantified DNA methylation in an additional 21 eukaryotic

genomes (Feng et al. 2010; Zemach et al. 2010).

8.2.3 Selectivity in the Use of DNA Methylation

TEs are not only modified by CG methylation; consistent with their preferential

association with H3K9me2 and their large contribution to the pool of small RNAs,

they are also preferential targets of both CHG and asymmetrical methylation (Zhang

et al. 2006, 2007; Bernatavichute et al. 2008; Lister et al. 2008). Several lines of

evidence suggest that all three types of methylation are used in TE silencing.

In Arabidopsis, it was shown that mutations in MET1 or CMT3 activate the

transcription of CACTA elements. However, the high-frequency mobility of this TE

is only seen in the met1 cmt3 double mutant (Kato et al. 2003). Therefore, the

presence of both CG and CHG methylation is necessary to maintain the silencing

of class II CACTA elements, and only in the absence of both is the element actively

transposed. Similarly, class I ATGP3 retroelements are transcribed and transposed

when the maintenance of both CG and non-CG methylation is compromised in the

met1 cmt3 double mutant and the ddm1 mutant backgrounds. Yet, in contrast to

CACTA, ATGP3 elements remain transcriptionally silent in met1 or cmt3 single

mutants (Tsukahara et al. 2009), showing that CG and CHG methylation act in a

redundant manner to silence transcription of these TEs. These examples highlight that

host genomes use combinations of CG and CHG methylation to curb TE activity.

This implies that DNA methylation has distinctive impacts on different types of TEs.

This assumption can be further illustrated by an analysis of the epigenetic control of

the copia-like retrotransposon, Evadé (EVD) (Mirouze et al. 2009). The promoter
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region of this element is methylated at CG dinucleotides and contains low levels of

CHH methylation in wild-type plants. Loss of CG methylation is sufficient to allow

transcription of EVD and even mobilization in late generation met1 mutants.

Mutations known to impair CHH methylation, including drm2 and pol IV/V, do not

interfere with EVD transcriptional silencing; however, when mutated in combination

with met1, they lead to a synergistic increase in transcription, indicating that the

RdDM pathway is largely used to reinforce the existing silenced state of EVD. In
contrast, ATGP3 silencing is efficiently maintained even in backgrounds that are

defective for both CG and CHH methylation (Tsukahara et al. 2009). These findings

underscore that host genomes have evolved selectivity in the use of DNAmethylation

to control TE activity. Noticeably, in the absence of CG methylation defects in

NPRE2, the common subunit of pol IV and V, a burst of EVD transposition occurs;

however, other transcriptionally activated TEs, such as CACTA, remain immobile

[(Mirouze et al. 2009); see Sect. 8.4].

In Arabidopsis, loci that lose DNA methylation and its associated epigenetic

silencing in met1 and ddm1 mutants, including TEs, retain activity and

hypomethylation for several generations following removal of the mutations

(Vongs et al. 1993; Kakutani et al. 1999; Soppe et al. 2002; Lippman et al. 2003).

In contrast, TEs are not heritably activated when the RdDM pathway is

compromised (Chan et al. 2006). Because mutations in DDM1 and MET1 both

have dramatic effects on CG methylation but the RdDM pathway mostly affects

CHG and CHH methylation, this suggests that CG methylation is the primary

platform for heritable silencing information. CG hypomethylation-induced

reactivation of TEs is not necessarily irreversible. Progressive remethylation over

successive generations can occur at a subset of TEs when DDM1 function is

restored in a ddm1 hypomethylated background. TEs that become remethylated

are characterized by high amounts of corresponding siRNAs and the retention of a

certain level of CHH methylation in ddm1 (Teixeira et al. 2009), illustrating that

CHH methylation is maintained by distinct mechanisms at various TEs. The

progressive remethylation suggests that the RdDM pathway may act as a backup

system against transgenerational loss of DNA methylation at TEs (Mathieu et al.

2007; Teixeira et al. 2009). As mentioned above, “remethylatable” TEs appear

less demethylated in ddm1 than “nonremethylatable” TEs, suggesting that only

incomplete demethylation can be corrected and restored to wild-type patterns.

Whether activated TEs can be resilenced following a complete loss of all types of

DNA methylation remains an open question.

8.3 Post-translational Histone Modifications

8.3.1 Methylation of Histone H3 at Lysine 9 and 27

The repressive environment typical at TE chromatin is not only characterized by the

presence of DNAmethylation but also by a variety of post-translational modifications

of histone proteins; modifications affecting histone H3 are the most accurately
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described. Modifications of histone amino-terminal tails enable or inhibit the binding

of various proteins that directly or indirectly impact transcription. In plants,

nucleosomes that are associated with TEs located in pericentric heterochromatin

are enriched for H3K9me2 and H3K27me1, which are signals of transcriptionally

repressive chromatin (Lindroth et al. 2004; Mathieu et al. 2005; Bernatavichute et al.

2008; Jacob et al. 2009). In Arabidopsis, the propagation of H3K9me2 is ensured by

the partly redundant activity of three histone methyltransferases, namely

KRYPTONITE/SUVH4 (KYP), SUVH5 and SUVH6 (Jackson et al. 2002; Malagnac

et al. 2002; Ebbs et al. 2005; Ebbs and Bender 2006; Johnson et al. 2007). However,

deposition of H3K27me1 is catalyzed by the histone methyltransferases,

ARABIDOPSIS TRITHORAX-RELATED PROTEIN 5 (ATXR5) and ATXR6,

which also exhibit some functionally redundant activity (Jacob et al. 2009).

Mutations in genes encoding these histone methyltransferases or their homologs

in other organisms often lead to TE reactivation, although the upregulation is more

modest (in terms of intensity or spectrum) than that induced by the loss of DNA

methylation. In Arabidopsis, TE reactivation was observed in kyp suvh5 suvh6
triple mutants (Ebbs and Bender 2006) and atxr5 atxr6 double mutants (Jacob et al.

2009). Defects in the histone H3K9 methyltransferases genes SGD714 and SDG728
also activate TE transcription in rice (Ding et al. 2007; Qin et al. 2010). The role of

H3K27me1 in transcriptional silencing of TEs is independent of DNA methylation

and H3K9me2 (Jacob et al. 2009). TEs reactivated in atxr5 atxr6 mutants retain

high levels of these two repressive marks, and conversely, H3K27me1 levels are

not changed in met1 and ddm1 mutants, which show reduced DNA methylation,

and the kyp mutant, which shows reduced H3K9me2 levels (Lindroth et al. 2004;

Mathieu et al. 2005). How H3K27me1 represses TE transcription is still unknown.

H3K27me1 has been shown to prevent DNA replication from occurring more than

once per cell cycle preferentially at TE-rich heterochromatic regions, which led to

speculation that this mark may have evolved to restrain excess heterochromatic

DNA replication and reactivation of TEs (Jacob et al. 2010).

Unlike H3K27me1, H3K9me2 is tightly interwoven with DNA methylation, in

particular, CHG methylation. Consequently, the exact contribution of H3K9me2 to

TE silencing is more difficult to identify. In the Arabidopsis genome, approximately

90% of CHG methylation overlaps with H3K9me2-enriched regions (Bernatavichute

et al. 2008), and TEs represent preferential targets for CHGmethylation (Tompa et al.

2002; Lippman et al. 2004; Zhang et al. 2006; Zilberman et al. 2007; Cokus et al.

2008). Mutants for H3K9me2 histone methyltransferases show not only reduced

H3K9me2 levels at reactivated TEs but also a significant reduction in DNA

methylation at CHG sites (Jackson et al. 2002; Malagnac et al. 2002; Ebbs et al.

2005; Ebbs and Bender 2006; Johnson et al. 2007). Reciprocally, TEs activated in

mutants for CMT3, the maintenance DNA methyltransferase for CHG sites, also

exhibit reduced H3K9me2 levels (Johnson et al. 2002). Biochemical studies have

provided a molecular explanation for these genetic observations. KYP, SUVH5, and

SUVH6 contain SET and RING associated (SRA) domains, which have been shown

to bind to DNA at methylated cytosines, and KYP and SUVH6 display a preference

for CHG methylation over CG methylation (Johnson et al. 2007; Rajakumara et al.

2011). This binding affinity is thought to recruit these histone methyltransferases to
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their genomic targets. CMT3 contains a chromodomain that likely interacts with

H3K9me2, thereby recruiting the DNA methyltransferase to chromatin (Feng and

Jacobsen 2011). Therefore, H3K9me2 and CHG methylation are maintained through

a self-reinforcing feedback loop such that influencing one modification likely impacts

the other. Further blurring the line between DNA methylation and H3K9me2, an

additional pathway that is dependent on CG methylation maintains H3K9me2 at a

subset of TEs (Inagaki et al. 2010). Recently, genetic studies have identified the

INCREASE IN BONSAI METHYLATION1 (IBM1) gene that encodes a putative

H3K9me2 demethylase. Interestingly, ibm1 mutations result in ectopic H3K9me2

and CHG DNA hypermethylation in a large number of genes, while TEs are

unaffected (Saze et al. 2008; Miura et al. 2009; Inagaki et al. 2010). Thus, IBM1

protects genes but not TEs from H3K9me2 and CHG methylation. Along with

multiple pathways that serve to maintain H3K9me2, this situation contributes to the

perpetuation of robustly silenced TEs.

8.3.2 Impact of Other Histone Modifications on TE Silencing

The presence or absence of other modifications at histone tails have been implicated

in TE silencing; however, these modifications also appear linked to DNAmethylation

and their exact contribution to silencing is difficult to identify. For instance, histone

deacetylation appears to be important for the maintenance of TE silencing. Mutations

of the Arabidopsis histone deacetylase gene, HDA6, or downregulation of the histone
deacetylase gene, OsSRT1, in rice result in transcriptional activation of several

classes of TEs (Lippman et al. 2003; Huang et al. 2007). Reactivation of these TEs

is also correlated with a reduction in H3K9me2, the appearance of H3K4me2, and,

occasionally, a reduction in DNA methylation. Similar to histone acetylation,

ubiquitination of histone H2B is required to maintain chromatin in an open state

(Zhang 2003). Mutations in an Arabidopsis deubiquitination enzyme, UBP36, release

transcriptional silencing of several different classes of TEs. Histone H2B is mostly

non-ubiquitinated at silent TEs, and the deubiquitination of H2B seems to be required

for H3K9me2 deposition and subsequent non-CG DNA methylation (Sridhar et al.

2007). Interestingly, this suggests that TEs may be associated with active histone

modificationmarks by default and that faithful maintenance of a repressive chromatin

state depends on the continuous removal of these activating marks.

Histone methyltransferases may function not only in blocking TE transcription

but also in inhibiting the later stages of the TE life cycle. It was recently shown that

the KYP histone methyltransferase plays a role in restraining the mobilization of the

EVD retroelement, specifically at the posttranscriptional level (Mirouze et al.

2009). Analogous to mammalian lysine methyltransferases, which also methylate

nonhistone proteins (Chuikov et al. 2004; Kouskouti et al. 2004; Sampath et al.

2007; Esteve et al. 2009), KYP has been proposed to inactivate a TE-encoded

protein required for the translation and/or reverse transcription of EVD transcripts

through methylation (Mirouze et al. 2009). Further investigations are needed to

clarify the molecular basis and the extent of this silencing pathway.
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8.4 Small RNAs and TE Silencing

8.4.1 Various Small RNA Pathways

Over the last two decades, small RNAs have emerged as key regulators of gene

expression in eukaryotes and have been shown to be involved in a wide range of

biological processes, including developmental timing, cell differentiation, meta-

bolic control, antiviral defense, genome rearrangement, and TE silencing. Various

classes of ~20–35 nt small RNAs have been described that can guide silencing at a

variety of points, including posttranscriptionally through mRNA degradation or

translation inhibition, transcriptionally through DNA methylation and/or chromatin

modifications, and cotranscriptionally through inhibiting transcription elongation

(Brodersen et al. 2008; Guang et al. 2010; Vazquez et al. 2010; Ketting 2011;

Zhang and Zhu 2011).

In animal systems, two classes of small RNAs, known as endogenous siRNAs

(endo-siRNAs) and PIWI-associated RNAs (piRNAs), are more targeted at TE

silencing. The pi-RNA pathway appears to primarily operate in the germ line,

while endo-siRNAs are also produced and active in somatic tissues (Kim et al.

2009). The ~21-nt long endo-siRNAs are processed by Dicer from transposon-

derived long double-stranded RNAs (dsRNAs), whereas ~24–31-nt long piRNAs

are derived from single-stranded transcripts originating from particular transposon-

containing genomic clusters in a Dicer-independent mechanism. Both pathways

target TEs for posttranscriptional silencing (PTGS) and can induce transcriptional

silencing (TGS) through DNA methylation or heterochromatin formation in

mice and Drosophila, respectively (Pal-Bhadra et al. 2004; Aravin et al. 2008;

Kuramochi-Miyagawa et al. 2008; Okamura and Lai 2008; Fagegaltier et al. 2009;

Kim et al. 2009; Bourc’his and Voinnet 2010; Siomi et al. 2011).

Plants produce several classes of siRNAs, but no piRNAs have been identified

(Vazquez et al. 2010). The vast majority of siRNAs in Arabidopsis consists of

~24-nt long siRNAs that are known to guide the DRM2 DNA methyltransferase for

de novo DNA methylation and silencing of complementary genomic sequences in

the RdDM pathway (Matzke et al. 2009). These siRNAs are predominantly derived

from various types of repeats, including TEs, which are enriched for DNA methyl-

ation and H3K9me2 (Zhang et al. 2006; Kasschau et al. 2007; Bernatavichute et al.

2008; Cokus et al. 2008; Lister et al. 2008). Paradoxically, siRNA-mediated

silencing requires transcription of silent loci, which depends on the activity of

two plant-specific RNA polymerase, Pol IV and Pol V, which are homologs of the

DNA-dependent RNA polymerase II. It is still unclear how Pol IV is recruited

to these loci; however, current models propose a Pol IV affinity for methylated

DNA templates (Fig. 8.1) (Vazquez et al. 2010; Zhang and Zhu 2011). Pol IV is

thought to generate single stranded RNAs (ssRNAs) that are then converted into

dsRNAs by the RNA-dependent RNA polymerase, RDR2, and cleaved into 24-nt

siRNAs by the DICER-LIKE3 (DCL3) endonuclease. The siRNAs are then

loaded onto RNA-binding ARGONAUTE proteins (AGO4 or AGO6), and these
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Fig. 8.1 Schematic representation of posttranscriptional silencing (PTGS) and transcriptional

silencing (TGS) pathways during the initiation and maintenance steps of transposable element

(TE) silencing. The box describes the chromosomal rearrangements that would encourage the

induction of TGS and/or PTGS. The former is exemplified by the transposon rearrangements at the

Muk locus (upper portion). An inverted repeat (IR) of a MuDr portion downstream of an

endogeneous promoter leads to the production of dsRNA templates that can then be processed

by DCL3 and/or DCL4 to produce variable levels of 21- and 24-nt siRNAs. The 21-nt siRNAs

could be targeted and result in PTGS of ectopic copies and amplify. The presence of the mudrA-
promoter region, TIRA (Terminal Inverted RepeatsmudrA), would allow 24-nt siRNAs to actively

target RdDM in cis and trans, leading to DNA methylation and transcriptional repression of

ectopic copies ofMuDR, correlating with an increased accumulation of 24-nt siRNA and a loss of

most 21-nt siRNAs. Following the induction of TGS, theMuk locus is dispensable and can be lost
without affecting TGS maintenance. Robust TGS maintenance depends on several overlapping

pathways that are of variable importance in each class of TEs (TGS section); MET1, CMT3, and

siRNA-targeted DRM2 methyltransferases, in combination with H3K9me2, contribute to the

perpetuation of DNA methylation patterns. Maintenance of H3K27me1 is DNA methylation-

independent and requires the activity of ATXR5 and ATXR6. Other rearrangements that do not

contain transposon promoter sequences, including IR or sense–antisense pairs derived from TEs,

are primarily channeled into PTGS processes (box-lower part), and AGO1-containing complexes

target complementary transcripts for cleavage. To some extent, the direct cleavage of highly

structured TE RNA regions by DCL4 can also restrict TE RNA accumulation. Additionally, 21-nt-

mediated imprinting in TE bodies and/or a high level of transcription may generate TE transcripts

that may be sensed as “aberrant.” In all cases, an RDR6-dependent amplification loop allows for
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ARGONAUTE/siRNA complexes bind nascent scaffold RNAs generated from

intergenic regions by Pol V and/or Pol II (Zhang and Zhu 2011). This binding

appears to be required for the recruitment of downstream effectors, including

DRM2, which can induce cytosine methylation in all sequence contexts

(Wierzbicki et al. 2008, 2009).

8.4.2 Initiation of TE Silencing

The continuous action of the RdDM pathway, together with the maintenance

methyltransferases MET1 and CMT3, enables the propagation of TE methylation

and robust TE silencing (Fig. 8.1). However, how TE methylation and silencing are

first initiated is still largely unclear. Studies of the Mu killer (Muk) locus in maize

demonstrated a role for 24-nt siRNAs in the establishment of heritable silencing at a

TE. This locus naturally occurred as a result of the duplication and inversion of a

portion of the autonomousMu elementMuDR (Slotkin et al. 2005). Transcription of

Muk, which initiates outside the Mu-specific inverted-repeat (IR) sequences,

produces long RNAs that fold into dsRNAs, thereby providing a template for

Dicer-like activities that generate siRNAs that match the MuDR promoter and

internal sequences (Slotkin et al. 2003, 2005). When a plant carryingmuk is crossed
with a plant carrying MuDR, Muk-derived, ~25-nt siRNAs induce DNA methyla-

tion in all three cytosine sequence contexts at corresponding MuDR sequences,

which are associated with an enrichment of H3K9me2 and transcriptional inactiva-

tion of MuDR (Fig. 8.1) (Slotkin et al. 2003, 2005; Li et al. 2010). Although

transposons are subject to frequent rearrangements, the prevalence of a similar

process to initiate silencing of a particular family or class of TEs in plant genomes is

difficult to evaluate.

When a new TE invades a naı̈ve genome, it is likely actively transcribed. This

may parallel the burst of TE transcription observed in specific cell lineages, in plant

cell cultures, and in ddm1 or met1 mutants (see the following section for further

information). In these cases, TE activation is accompanied by the appearance of

TE-matching 21-nt siRNAs (Lister et al. 2008; Tanurdzic et al. 2008; Mirouze et al.

2009; Slotkin et al. 2009; Teixeira et al. 2009). As shown for Athila and EVD
retrotransposons, the 21-nt siRNAs typically originate from limited internal regions

Fig. 8.1 (continued) efficient PTGS of these elements (PTGS section). At specific genomic loci,

the DNA methylation that is often detected within the transcribed regions of PTGS targets may

spread, leading to a potential switch to TGS. Conversely, an alteration of DNA methylation

patterns can alleviate transcriptional silencing. In such cases, posttranscriptional regulation may

immediately be reengaged to restrain TE expression and/or transposition as described for the EVD

retrotransposon (see the text for details). The importance of epigenetic marks that can persist upon

DNA hypomethylation-associated transcriptional reactivation (e.g., H3K27me1) is unknown. For

clarity, only some of the key protein activities of the complexes involved in the silencing pathways

are depicted
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of the elements, in contrast to the relatively dispersed distribution of 24-nt siRNAs

along the entire length of retrotransposon sequences [(Mirouze et al. 2009; Slotkin

2010); Pélissier and Mathieu, unpublished results]. Whether this pattern of 21-nt

siRNAs accumulation reflects direct recognition and processing of secondary

structures within TE transcripts (Molnár et al. 2005; Jakubiec et al. 2012) and/or

the release of “aberrant” RNA transcripts is currently unknown. Whatever their

origin, 21-nt siRNAs generally target PTGS, potentially preventing the accumula-

tion of TE transcripts. However, PTGS often correlates with genomic DNA meth-

ylation within the transcribed regions (Vaucheret 2006), and evidence revealing

considerable connections between the PTGS and TGS pathways is emerging

(Eamens et al. 2008; Daxinger et al. 2009; Bourc’his and Voinnet 2010). Therefore,

a role for these 21-nt siRNAs in the initiation of transcriptional TE taming during

genome colonization may be plausible (Fig. 8.1). TE gene-body methylation,

initially triggered by the 21-nt siRNAs, could then spread into the TE promoter

sequences (Daxinger et al. 2009), thereby inducing robust TE silencing at the

transcriptional level.

8.4.3 Maintenance of TE Silencing

Once established, the maintenance of DNA methylation and silencing involves

several partially overlapping pathways (Fig. 8.1). RdDM-mediated non-CG methyl-

ation appears to be used largely to reinforce the preexisting silencing at TEs, and

defects in the RdDM pathway in Arabidopsis only result in selective transcription

reactivation of a subset of TEs (Kanno et al. 2004, 2005, 2008, 2010; Herr et al. 2005;

Onodera et al. 2005; Pontier et al. 2005; Huettel et al. 2006; Gao et al. 2010). Further

illustrating the connection between TGS and PTGS silencing, it has been shown

recently that NRPE2 (the common subunit of Pol IV and Pol V and a basal

component of the RdDM pathway) also restricts the mobilization of the EVD
retroelement at the posttranscriptional level after it has been transcriptionally

activated (Mirouze et al. 2009). Similarly, as mentioned above, the efficient mobili-

zation of EVD has been observed in met1 kyp double mutants (Mirouze et al. 2009).

Whether the 21-/24-nt siRNAs that accumulate after EVD transcriptional activation

are involved in posttranscriptional regulation by KYP and NRPE2 and whether KYP

and NRPE2 function in the same or in different mechanisms are still unclear.

The analysis of ddm1-derived epiRILs has highlighted the potential importance

of small RNAs and RdDM pathways in reimposing TE silencing following an

alteration in the epigenetic pattern (Teixeira et al. 2009). In another study,

Olmedo-Monfil et al. (2010) demonstrated that 24-nt TE siRNAs are also essential

for maintaining TE silencing in the Arabidopsis female gametophyte (the egg and

neighboring cells), in contrast to their modest impact in somatic tissues. Interest-

ingly, this control pathway requires the function of another ARGONAUTE protein,

AGO9, which belongs to the same clade as AGO4 and 6. AGO9 is not expressed in

the female gametophyte itself but is expressed in the surrounding somatic
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companion cells. The inactivation of TEs in the cells surrounding the female

gametophyte appears to be necessary in order to maintain their cellular identity

and to prevent them from abnormally differentiating into gametic cells. AGO9-

mediated TE silencing requires several known components of the RdDM pathway

(i.e., RDR2, DCL3, Pol IV, and/or Pol V) in addition to factors known to be

involved in distinct small RNA pathways (Olmedo-Monfil et al. 2010). Therefore,

AGO9 appears to be involved in an unorthodox, and potentially specific, siRNA-

silencing pathway that is necessary for maintaining TE silencing in female gametes.

Interestingly, AGO9 is also highly expressed in anthers (Olmedo-Monfil et al.

2010), where it may play a similar role.

8.5 Dynamics of TE Silencing

Although TE silencing can be inherited over multiple generations, this state can be

reversed during specific developmental windows and in response to a wide range of

stress conditions.

8.5.1 Developmental Reprogramming of TE Silencing

A drastic reprogramming of DNA methylation has been recently reported in both

male and female germinal lineages from Arabidopsis. This takes place in “dead-

end” cells that do not contribute to the next generation and correlates to some extent

with TE reactivation. Paradoxically, this reactivation could contribute to keeping

TEs quiescent in the egg and sperm cells and later the embryo, thereby protecting

the genomic integrity of the offspring. In angiosperms, female gametogenesis

leads to the formation of a haploid egg cell and a homodiploid central cell that

are surrounded by several accessory cells. The male gametophyte, or pollen grain,

contains three haploid cells—two sperm cells that are embedded inside the

cytoplasm of a larger vegetative cell. In the double fertilization process common

to angiosperms, one sperm cell fertilizes the haploid egg cell, giving rise to a

diploid embryo, while the second sperm cell fertilizes the homodiploid central

cell, producing a triploid endosperm that provides a nurturing tissue for embryo

development. Recent studies in Arabidopsis have revealed widespread reductions

in DNA methylation at TEs and other repeats in the endosperm (Gehring et al.

2009; Hsieh et al. 2009). This loss of methylation is probably initiated in the central

cell prior to fertilization as a result of specific induction of DEMETER, a DNA

glycosylase that excises methylcytosines in all sequence contexts, in this cell type

in conjunction with the reduced expression of MET1 during gametogenesis

(Choi et al. 2002; Gehring et al. 2006, 2009; Morales-Ruiz et al. 2006; Jullien

et al. 2008; Hsieh et al. 2009). Hypomethylation occurs primarily at CG sites and is

accompanied by increased methylation at CHH sites at repeated sequences, which
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are consistent with previous observations from met1 mutants that have lost CG

methylation (Mathieu et al. 2007; Hsieh et al. 2009). Methylation at CHH sites is an

hallmark of RdDM, and consistent with this observation, these methylation patterns

correlate with a massive production of 24-nt siRNAs that initiates in the central cell

and persists in the endosperm (Mosher et al. 2009). Strikingly, the methylation level

in the embryo is higher than in the aerial tissues in all of the sequence contexts, and

CHH hypermethylation is particularly extensive (Hsieh et al. 2009). As 21-nt and

24-nt siRNAs can exert their silencing functions over a distance (Dunoyer et al.

2010; Molnar et al. 2010; Melnyk et al. 2011), it has been proposed that some of the

24-nt siRNAs produced in the central cell/endosperm migrate into the egg cell/

embryo to reinforce epigenetic marks that silence transposons (Hsieh et al. 2009).

Whether reduced DNA methylation in the endosperm correlates with a reduction in

TE silencing has not been tested. On the male side, a related process occurs in the

vegetative cell; DNA hypomethylation is detected at TEs in association with

transcriptional activity and, for some of them, with transposition (Slotkin et al.

2009). In this accessory cell, DNA hypomethylation likely results from a

downregulation of genes, such as MET1 and DDM1, in conjunction with active

demethylation by an unidentified DNA demethylase (Borges et al. 2008; Jullien

et al. 2008; Slotkin et al. 2009). TE reactivation is associated with decreased

accumulation of 24-nt siRNAs and with a dramatic gain of 21-nt siRNAs, easily

detected for the high copy number Athila retrotransposon (Slotkin et al. 2009).

These mobile 21-nt siRNAs accumulate in sperm cells, where they could provide an

additional layer of TE silencing. They may also do this later in the embryo through

posttranscriptional degradation of TEs that would escape TGS and/or by

reinforcing some of the preexisting chromatin imprints associated with TGS.

Interestingly, the epigenetic reprogramming of TE silencing has also been

documented in maize, where MuDR silencing is reversed upon the change from

the juvenile to adult phase in a tissue adjacent to the one that will produce the germ

line (Li et al. 2010).

8.5.2 Environmental Changes and TE Silencing

In plants, the germ line is established during late sporophyte development. The

optimum window for a TE to mobilize and successfully invade a host genome is

between the differentiation of the gametophyte precursors and the formation of the

early embryo. There is growing evidence that TEs contribute to the structure,

evolution, and (epi)genetic control architecture of plant genomes (Deragon et al.

2008; Lisch and Bennetzen 2011). To some extent, a “programmed” loss of

silencing of these elements may be potentially beneficial to the host genome.

Nonetheless, the accumulation of extra layers of TE silencing in these cells likely

reflects an evolutionary need to secure the genome’s integrity, preventing wayward
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TE activation. What could trigger an “accidental” relaxation of TE silencing? As

demonstrated experimentally, mutations in epigenetic regulators involved in the

maintenance of CG methylation, such as MET1 or DDM1, may trigger TE mobili-

zation (Miura et al. 2001; Singer et al. 2001; Mirouze et al. 2009; Tsukahara et al.

2009). Such mutations are expected to occur relatively infrequently, but a number

of studies have shown that sudden changes in environmental conditions can

efficiently interfere with TE silencing. Two recent reports have demonstrated that

heat stress can overcome TE silencing in Arabidopsis, at least at the transcriptional
level (Pecinka et al. 2010; Tittel-Elmer et al. 2010). Transcription of several classes

of TEs and other heterochromatic targets, which are silent at ambient temperature,

is significantly upregulated upon prolonged exposure to 37 �C (15–30 h). This

release from silencing occurs across the genome and is mainly transient; most of the

targets return to the silenced state within 2–7 days. Interestingly, stress-induced

reactivation appears to occur without altering the common repressive epigenetic

marks, including DNA methylation and H3K9me2 (Pecinka et al. 2010; Tittel-

Elmer et al. 2010), indicating that these marks are not sufficient for efficient

transcriptional silencing under these conditions. The molecular mechanisms in

action are unknown. One possibility is that heat stress produces an activating signal

that overcomes the presence of these silencing marks or interferes with their

readout. Alternatively, heat stress may induce the removal of an additional

repressive mark that has yet to be identified. It remains to be tested whether stresses

have a similar impact on the gametes, gamete precursors, and early embryo. It

would be interesting to determine if the “extra layers” of silencing present in these

cell lineages, which are represented by high levels of specific siRNAs and the

possible action of an unconventional siRNA pathway involving AGO9, moderate

the stress sensitivity of these cells.

Heat stress-induced transcriptional stimulation can be associated with active

transposition, as was recently shown for the ONSEN LTR retroelement (Ito et al.

2011). Stress conditions similar to the one described above (Pecinka et al. 2010;

Tittel-Elmer et al. 2010) were applied to young seedlings, either wild type or ones

mutant for components of the RdDM pathway. In all cases, a transient induction of

ONSEN transcription was observed for a few days, correlating with the accumula-

tion of transposition intermediates that were undetectable 20 days after stress.

Remarkably, while no somatic transposition events could be detected in stressed

plants of any genotype, transposition was revealed in the progeny of RdDM

mutants. The authors demonstrated that in the absence of a functional RdDM

pathway, the “memory” of the heat-stress persists during plant development,

resulting in ONSEN mobilization. Interestingly, this mobilization occurred prior

to gametophyte development (Ito et al. 2011), illustrating yet another crucial

function of the RdDM pathway, which is used in the plant for other tasks in addition

to only reinforcing or restoring preexisting silenced states.
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8.6 Conclusion

A combination of genomic and genetic studies in plants have revealed that TEs are

the main targets of epigenetic silencing pathways and that TEs are controlled by

several layers of silencing. The precise contribution of each layer to maintain the

silenced state appears highly variable. Although we have begun to dissect the

molecular components of each layer, our understanding of their connection is still

fragmentary.

TEs represent highly dynamic genomic components. Because there are potentially

deleterious consequences to TE mobilization, evolutionary forces have likely driven

the production of multiple epigenetic mechanisms to ensure TE silencing. Certain

silencing layers appear to be devoted to specific cell types or developmental stages;

however, the purpose and evolutionary origin of this specificity remain elusive.

Various intrinsic factors may dictate this specificity, including the TE size, copy

number, transposition competence, genomic location, and local chromatin environ-

ment. Accumulating evidence has demonstrated that a variety of environmental

stresses can challenge TE silencing and possibly lead to bursts of transposition.

Interestingly, distinct stresses affect TEs differentially, suggesting that selectivity

and complexity in TE silencing may also have evolved as a consequence of stress

exposure. Additional studies will be needed to reveal how the environment interferes

with silencing and influences TE dynamics.
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Chapter 9

Responses of Transposable Elements

to Polyploidy

Christian Parisod and Natacha Senerchia

Abstract Polyploidy (i.e., hybridization between more or less divergent genomes,

associated with whole genome duplication) has been shown to result in drastic

genome reorganization. Such changes involved major restructuring and epigenetic

repatterning, mainly in transposable element (TE) fractions. Polyploidy thus is an

adequate model to explore the mechanisms generating genome variation and their

impact on evolution. In this chapter, we will review available evidence on the

importance of TEs in the short-term and the long-term changes in polyploid

genomes. We will argue that the study of polyploid systems not only offers the

opportunity to highlight specific mechanisms controlling the activity of TEs but

also the evolutionary impact of TE-induced genome reorganization.

Keywords Epigenetic changes • Genome reorganization • Genome shock •

Hybridization • Restructuring • si-RNA • Speciation • Whole genome doubling

9.1 Polyploidy, a Prominent Evolutionary Process

Polyploidy is a recurrent process in the evolutionary history of most organisms and can

be understood as a major speciation mechanism (Wood et al. 2009). It is prominent in

plants, but also commonly occurs in several animal taxa (Otto 2007; Mable et al.

2011). In particular, all angiosperms have been demonstrated as having gone through

one or more rounds of whole genome duplication (Jiao et al. 2011), and plant genomes

thus contain considerable genetic redundancy (Fig. 9.1). Two main types of

polyploids, representing extreme cases of a continuum, have been traditionally

recognized (Stebbins 1971). Autopolyploids are polyploids with chromosomes derived
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from two homologous genomes (AAAA) and are characterized by predominant

polysomic inheritence at meiosis (Parisod et al. 2010b). Allopolyploids present

chromosomes resulting from the merging of divergent (i.e., homeologous) genomes

(AABB) and mostly show disomic inheritance (Leitch and Leitch 2008). The distinc-

tion between homologous and homeologous genomes is hardly clear-cut and there is a

continuum between auto- and allopolyploidy. It is thus important to realize that the

evolutionary origin of all natural polyploids (i.e., both auto- and allopolyploids)

involves hybridization between variously related genomes.

9.2 Reorganization of Polyploid Genomes

Polyploid genomes are expected to be the addition of parental genomes, and depar-

ture from this additivity highlights genome reorganization. Recent studies revealed

drastic polyploidy-induced genome reorganization, including reproducible structural

and epigenetic alteration (Soltis and Soltis 1999; Comai 2000, 2005; Comai et al.

2000; Wendel 2000; Levin 2002; Adams and Wendel 2005; Chen 2007;

Fig. 9.1 Evolution of natural polyploids. The merging (i.e., hybridization) of more or less diverged

parental genomes associated with whole genome duplication leads to the formation of a nascent

polyploid lineage. Autopolyploidy involves hybridization between closely related (i.e., homologous)

genomes, while allopolyploidy is the merging of widely divergent parental genomes (i.e.,

homeologous). Genome changes occurring after the origin of the polyploid are referred to as

diploidization, restoring a diploid-like genetic system. Seed plant genomes have evolved through

successive rounds of polyploidy. The most common natural pathways to polyploidy are depicted:

(i) spontaneous genome doubling, which is extremely rare under natural conditions; (ii) homoploid

hybrid intermediate; (iii) triploid bridge through the union of an unreduced gamete with a reduced

one, and (iv) one-step formation through the union of two unreduced gametes
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Doyle et al. 2008; Feldman and Levy 2009). Such processes restore a secondary

diploid-like genetics in polyploids and are commonly referred to as diploidization.

Following Levy and Feldman (2004), genome reorganization after polyploidization

can be conveniently classified as (1) short-term changes (or revolutionary changes),

acting immediately after polyploidization, and (2) long-term changes (or evolution-

ary changes), occurring during the lifetime of the polyploid lineage (Fig. 9.1).

Genome reorganization is commonly observed in the first few generations follow-

ing polyploidy and sometimes as early as in F1 hybrids (Parisod et al. 2009). Both

intra- and intergenomic structural rearrangements have been reported and include (1)

elimination of DNA sequences from hom(e)ologous chromosomes and gene loss

(Ozkan et al. 2001; Chantret et al. 2005), (2) amplification or reduction of repetitive

sequences (Zhao et al. 1998; Petit et al. 2010), and (3) chromosomal repatterning

(Pires et al. 2004; Udall et al. 2005). Genome downsizing after polyploidization

appears to be a general trend (Leitch and Bennett 2004). In addition to restructuring,

drastic epigenetic changes have been commonly reported in allopolyploids (Liu and

Wendel 2003). These changes include (1) alteration of gene expression through

alterations of cytosine methylation (Kashkush et al. 2002; Salmon et al. 2005) and

through transcriptional activation of retroelements (Kashkush et al. 2003; Kashkush

and Khasdan 2007), and (2) chromatin remodeling due to modification of DNA

methylation and acetylation (e.g., Wang et al. 2006). Polyploidy-induced epigenetic

variation is certainly linked to intergenomic interactions and dosage compensation

among subgenomes (Riddle and Birchler 2003). Methylation repatterning sometimes

affects subgenomes equally (e.g., Song et al. 1995), but most often differentially

affects the paternal (e.g., Shaked et al. 2001) or the maternal (e.g., Ainouche et al.

2009). Epigenetic changes were further associated with organ-specific silencing of

coding genes in allopolyploids (Adams et al. 2003; Adams and Wendel 2005; Chen

2007). As a whole, diploidization could be a foster for new phenotypes that could

potentially be linked to the evolutionary outcomes of polyploidy (e.g., Levy and

Feldman 2004; Doyle et al. 2008; Leitch and Leitch 2008; Parisod 2012). It could

indeed be that genome reorganization in nascent polyploids leads to novel properties

as compared to the addition of the parental genomes and may support the emergence

of new species. Our knowledge on the causes and consequences of polyploidy-

induced genome reorganization, however, remains elusive.

The confinement of divergent genomes in the single nucleus of nascent polyploids

can induce troubles such as inaccurate pairing between hom(e)ologous sequences or

dosage-dependent interactions (Doyle et al. 2008). Accordingly, quick sequence

rearrangement (including DNA insertion/deletion) and epigenetic modifications

could increase the divergence between subgenomes. Such changes could futher

impede the pairing of homeologous chromosome and thus indirectly facilitating

proper homologous pairing at meiosis (Levy and Feldman 2002; Eilam et al. 2008),

or could participate in the regulation of gene dosage, promoting intergenomic

coordination (Rieseberg 2001). Reorganization targeted toward one of the parental

subgenome is commonly interpreted as evidence that cytoplasmic–nuclear

interactions represent crucial incompatibilities to be overcome after genomemerging,

but it has been noted that nuclear–nuclear interactions may be important as well
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(Josefsson et al. 2006). Although the exact cause of immediate genome reorganiza-

tion after polyploidy deserve further work, a greater rate of genome reorganization is

expected to be necessary to resolve conflicts in hybrids derived from genetically

divergent parents. Accordingly, we can predict more changes to occur in

allopolyploids than in autopolyploids. Evidence accumulated so far is coherent

with this hypothesis (Parisod et al. 2010b), but we almost completely lack knowledge

about genome reorganization after autopolyploidy. Additional studies involving

hybridization between closely related genomes may help to shed light on the

mechanisms inducing immediate diploidization.

9.3 Reorganization of TE Genome Fractions After Polyploidy

For those used to see TEs as major supporters of natural genetic engineering, it

might be already clear that the plethora of mechanisms occurring after polyploidy

can be related to TEs. In the formulation of the “Genome Shock” hypothesis,

Barbara McClintock (1984) stated that challenges such as species cross may induce

transposition bursts. This hypothesis, stating that transpositions should play a

critical role in polyploidy-induced genome reorganization, has been repeatedly

put forward (Matzke and Matzke 1998; Soltis and Soltis 1999; Comai et al. 2000;

Wendel 2000). Although data showing an activation of TEs after hybridization and

polyploidy have recently accumulated, conclusive evidence is still scarce and we

are still far from understanding the mechanisms and the consequences of polyploid

genome evolution under the influence of TEs.

Due to their prevalence in eukaryote genomes (Gaut and Ross-Ibarra 2008), it can

be expected that TEs play a major role in the molecular events leading to the

establishment of a viable polyploid genome. Furthermore, TEs can have a dual role

in genome reorganization, affecting both structural features and epigenetic states of

sequences throughout the host genome (Teixeira et al. 2009). In case of transposition,

new TE insertions can promote proper pairing at meiosis by triggering structural

divergence between subgenomes through microchromosomal rearrangements. Trans-

position can also promote intergenomic coordination by disrupting genes or altering

the epigenetic state of neighboring sequences, impacting on genome function by

affecting chromatin structure and/or gene expression (Hollister et al. 2011). On the

other hand, dispersed TE insertions might represent homologous substrate sustaining

illegitimate recombination and fostering reorganization of TE fractions. Such

changes without transposition can have similar consequences for subgenomes diver-

gence and/or coordination.

The commonly anticipated proliferation of TEs in polyploid genomes can be

explained by three non-mutually exclusive hypotheses. (1) Whole genome duplica-

tion may relax purifying selection against deleterious TE insertions (Matzke and

Matzke 1998). In other words, gene redundancy may lead to an overall increase in

the number of neutral sites available for TEs to insert and fix without strong

selective constraints (the Redundancy hypothesis). Accordingly, under a constant
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transposition rate, TE insertions would accumulate neutrally in polyploids until

such sites are all occupied. (2) The origin of a polyploid lineage represents a

transient period with a low population size (i.e., bottleneck; Lynch 2007). As

selection efficiency decreases when population size decreases, moderately deleteri-

ous TE insertions could be fixed in nascent polyploid genomes with a higher

probability (the Bottleneck hypothesis; Parisod et al. 2010a). Accordingly, under

a constant transposition rate, TE insertions would accumulate in nascent polyploids

until the establishment of a large population. (3) The merging of divergent genomes

into a single nucleus would generate conflicts between the TEs and the host

repressors (Box 9.1; Figs. 9.2 and 9.3), inducing a genome shock promoting TE

activation and ultimately transposition (Genome Shock hypothesis; Comai et al.

2003). Accordingly, polyploidy would induce a change in the activity of TEs.

Mechanisms behind these three hypotheses are expected to result in different

patterns of TE proliferation and may thus be distinguished by assessing TE activity,

rate of accumulation during and after polyploidization, and the parental genome

divergence. Under the Redundancy hypothesis, no discrete burst of TE activity is

expected, and the rate of TE accumulation should be continuous until full

diploidization is reached. A bona fide change in TE activity (transcriptional and,

to a certain extent, transpositional) is postulated immediately after polyploidy under

the Genome Shock hypothesis. Accordingly, both the Genome Shock and the

Bottleneck hypothesis are expected to result in the accumulation of transposed

TE copies during the first generations after polyploidy. However, genome merging

should reveal genetic conflicts between specific TE families (see Box 9.1), and only

these TEs should be affected under the Genome Shock hypothesis, while a bottle-

neck would change the frequency of all polymorphic TE insertions. Noticeably, the

Redundancy and the Bottleneck hypothesis could explain TE dynamics in both

auto- and allopolyploids, while a genome shock is expected to result in reorganiza-

tion of fewer TEs in hybrids between closely related genomes (i.e., autopolyploids)

than in allopolyploids. While theory can help to predict the impact of polyploidy on

TE activity, empirical data are still too scarce to test the different hypotheses.

Accordingly, what follows remains a narrative review of the levels and timing of

reorganization in TE genome fractions of polyploids.

9.4 Short-Term Reorganization of TE Fractions

Short-term genome reorganization related to TEs can be straightforwardly

evaluated by comparing the genome of experimental (i.e., resynthetized) or recent

(i.e., less than a few hundred years old) polyploids to the expected addition of their

parents (Fig. 9.4). Several PCR-based fingerprint techniques can be used to assess

reorganization throughout the genomes of both autopolyploids and allopolyploids

(Parisod et al. 2010a; Kalendar et al. 2011). As different molecular methods allow
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Box 9.1 Dynamics of TE-Repressing Mechanisms During Polyploidy

As a majority of transposition events are expected to have a deleterious effect,

host genomes have evolved sophisticated mechanisms repressing the activity of

functional TEs (Fig. 9.2a). Recent studies have considerably improved our

understanding of the various epigenetic pathways controlling TEs, but much

remains to be done in order to decipher these overlapping mechanisms (Feng

et al. 2010). Two main mechanisms are responsible for silencing of TEs: DNA

methylation (in CG, CHG, and CHH sequences contexts; H ¼ C, T, or A) and

histone methylation (H3K9 dimethylation and H3K27 monomethylation).

These pathways are triggered by repeat-derived small interfering RNA

(siRNA) that target TE insertions through sequence homology and recruit the

enzyme machinery responsible for DNA methylation and heterochromati-

nization (Martienssen 2010). Genomes typically contain specific TE sequences

inducing the production of specific siRNAs silencing corresponding TEs and

thus assure genome stability during plant development.

While plants do not show a proper demethylated germ line, it seems that

both female (Fig. 9.2b) and male (Fig. 9.2c) gametogenesis relaxes the repres-

sion of TEs in accessory cells, ensuring the massive production of siRNAs and

reinforcing the silencing of TEs in the germ cells (i.e., consolidation; Bourc’his

and Voinnet 2010). During male gametogenesis, post-meiosis microspores

develop into a vegetative cell and two sperm cells. Epigenetic pathways

responsible for the maintenance of methylation are downregulated, and TEs

are reactivated in pollen grains. It seems, however, that hypomethylation is

exclusive to the vegetative cell and would serve the production of 21 nucleotide

siRNAs mediating the repression of TEs in the adjacent sperm cells through

CHG methylation. During female gametogenesis, post-meiosis megaspore

gives rise to one egg cell (participating to the zygote), one central cell with

two nuclei (participating the endosperm), and other accessory cells. The

genome of the central cell is specifically demethylated, leading to the expres-

sion of maternal alleles and TEs in the endosperm (i.e. imprinting; Fig. 9.2d).

Such soft reactivation of TEs in the central cell and the endosperm may serve

the massive production of 24 nucleotides siRNAs to reinforce the silencing of

TEs in the egg cell and maybe the endosperm and the zygote.

The confrontation of paternal and maternal genomes (Fig. 9.2e) presenting

qualitative and/or quantitative mismatch in their respective TEs and siRNAs

may result in the failure of the TE-siRNA system to reach equilibrium at

fertilization (Fig. 9.3). In other words, hybridization between lineages with

incompatible TE loads is expected to results in conflicts between TEs and

siRNAs. If siRNAs in the central cell do not match TE insertions in pollen, then

corresponding TEs could be transcribed and could possibly transpose in the

endosperm. Note that a massive proliferation of TEs in the endosperm is

expected to have deleterious consequences such as seed failure. Similarly, if

siRNAs in the egg cytoplasm do not match with TE insertions from the sperm
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focusing on either genome restructuring or methylation changes in TE fractions vs.

random sequences (Box 9.2), it is possible to assess the reorganization of TE

genome fractions as compared to genome-wide changes (Table 9.1).

Recent hybrids are rare in nature and/or difficult to identify, and most studies

used experimentally resynthetized hybrids. Massive reorganization in TE genome

fractions has been documented during the first generations after polyploidization.

cells, corresponding TEs could be activated and may proliferate in the zygote.

The outcome of a cross thus depends on both the copy number of TEs and of

siRNAs, but also on the dose of paternal and maternal genomes. Such a

reactivation of TEs in F1 hybrids is similar to hybrid dysgenesis as described

in Drosophila and may lead to strong incompatibility between gene pools (i.e.,

intrinsic postzygotic isolation; Josefsson et al. 2006; Martienssen 2010; Parisod

et al. 2010b).

Fig. 9.2 Transposable element (TE) silencing by siRNA during plant development and reproduc-

tion (after Feng et al. 2010; Bourc’his and Voinnet 2010). In somatic cells (a) siRNA derived from

TEs recruit the methylation machinery in order to maintain the repression of TE transcription

through methylated DNA or histones. During both female (b) and male (c) gametogenesis,

24-nucleotide-long and 21- nucleotide-long siRNAs are produced by the demethylated genomes

of the central/accessory cells and from the vegetative cells, respectively. Those siRNAs maintain

or reinforce TE repression in the egg and sperm cells. During fecundation (d) the endosperm is

demethylated and further produce siRNAs. Putative transport of siRNAs from the endosperm to

the zygote might help to sustain TE methylation in the zygote. See Box 9.1 for details
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Lineage A

Lineage A Lineage A

F1

F1F1

Lineage B

Lineage BLineage B

c Qualitative conflictb Quantitative conflict

Transposable element

siRNA

a Balanced

Fig. 9.3 Conflicts between parental loads in transposable elements (TEs) during genomemerging.

(a) Balanced situation: parental TEs and siRNAs match, allowing an efficient control of TEs in F1.

(b) Quantitative or (c) qualitative differences in TE loads between parents, potentially leading to

insufficient or inefficient repression of TEs in F1 hybrids (modified from Bourc’his and Voinnet

2010)

Fig. 9.4 Principle of fingerprint analyses in polyploids. Genetic profiles in the hybrid (H1) and the

polyploid (Px) are expected to be the addition of the parents (P1 and P2). Deviations from this

additivity indicate genome reorganization in contrasted genome fractions. See Box 9.2 for detailed

explanations
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In a few cases, the impact of genome merging (i.e., hybridization) vs. genome

doubling has been experimentally contrasted, and hybridization seems to induce

most genomic changes (reviewed in Parisod et al. 2010a), but additional studies on

autopolyploids are required before reaching conclusions.

Box 9.2. Molecular Fingerprint Techniques to Assess Genomes

Reorganization in Nonmodel Polyploid Species

Amplified Fragment Length Polymorphism (AFLP) is a high-resolution fin-

gerprint technique generating markers following the digestion of genomic

DNA with restriction enzymes, the ligation of adaptors and PCR

amplifications of fragments. The resulting markers are dominant and anony-

mous, but are widely distributed throughout the genome (Meudt and Clarke

2007) and thus assess genome-wide variation in random sequences.

Sequence-Specific Amplified Polymorphism (SSAP) is similar to AFLP,

except that it is a TE-anchored PCR strategy (i.e., Transposon Display)

allowing the simultaneous detection of multiple insertions (Waugh et al.

1997; Syed and Flavell 2006). Briefly, the amplification of digested genomic

DNA, specifically targeting TEs insertions, generates a pool of labeled

fragments containing the termini of inserted copies of a given TE and its

flanking genomic region. As retrotransposons do not excise, particular

insights concerning the molecular mechanisms underlying SSAP

polymorphisms can be gathered: new bands are indicative of new TE

insertions (i.e., transpositions), while lost bands point to restructuring in TE

sequences (comprehensively described in Parisod et al. 2010b). Note that new

SSAP bands should be cautiously interpreted as new transposition events,

because they can result from other molecular events changing the band size of

inserted TEs (Petit et al. 2010). As a whole, the comparison of AFLP versus

SSAP profiles generated from the same individuals assesses the respective

variation in random sequences versus specific TE fractions.

Methyl-sensitive derivative of multilocus fingerprint techniques can be

exploited by using restriction enzymes with differential sensitivity to DNA

methylation on the same samples. Methyl-sensitive AFLP is named Methyl-

Sensitive Amplified Polymorphism (MSAP), while methyl-sensitive SSAP

has been termed Methyl-Sensitive Transposon Display (MSTD; Parisod et al.

2009). The isoschizomersMspI and HpaII recognize the same tetranucleotide

sequence (50-CCGG-30), but HpaII is sensitive to methylation of any cytosine

at both strands (i.e., cuts 50-CCGG-30), while MspI cuts methylated internal

cytosine (i.e., cuts 50-C5mCGG-30). These enzymes thus assess the methyla-

tion status of internal cytosine at restriction sites (CG methylated fractions of

the genome). As a whole, comparing MSAP versus MSTD profiles, respec-

tively, can assess CG methylation changes in random sequences versus TE

fractions.
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9.4.1 Structural Changes in TE Fractions

Beaulieu et al. (2009) analyzed genome reorganization in synthetic allotetraploids

between Arabidopsis thaliana and A. lyrata subsp. petrea and identified substantial

restructuring. Changes assessed through various fingerprint techniques were mostly

sequence deletions and no burst was revealed for the two DNA transposons surveyed

(CAC and Ac-III). Another study on resynthesized A. suecica allopolyploids

(A. thaliana � A. arenosa) used genomic microarray and fingerprint techniques to

examine a region of the chromosome 4 (Madlung et al. 2005). This work highlighted

transcriptional activation of En-Spm-like transposon in the allopolyploids and also

identified chromosome abnormalities, suggesting possible polyploidy-induced

restructuring at specific loci. These events may be related, but the exact role of TEs

remains unknown. Similarly, the long terminal repeat (LTR) retrotransposonWIS2-A

was transcriptionally activated in experimental polyploids between Aegilops
sharonensis and Triticum monococcum (Kashkush et al. 2002). However, new TE

transcripts apparently did not increase the transposition rate. Accordingly, experi-

mental F1 hexaploids of wheat were shown to be the addition of parental T. turgidum
and Ae. tauschii at hundreds of loci (Mestiri et al. 2010). As many markers were

targeting specific TE insertions, this work further indicates limited restructuring in

TE fractions. In the 150-year-old Spartina allopolyploids, Parisod et al. (2009) found
limited evidence of immediate TE proliferation, with very few new SSAP bands

revealed for Ins2 (hAT DNA transposon), Cassandra (Terminal-repeat

Retrotransposon In Miniature, TRIM), and Wis-like (copia LTR retrotransposon)

as compared to the addition of the parents. Moreover, the level of structural changes

in TE fractions was comparable to random sequences, indicating no specific

restructuring of TE fractions after genome merging or genome doubling. Noticeably,

most structural changes occurred in F1 hybrids, suggesting that genome merging is

inducing genome reorganization.

Contrasting with studies indicating limited transposition, young populations of the

Tnt1 retrotransposon showed a transposition burst in early generations of synthetic

allopolyploid tobacco (Petit et al. 2010). While newly synthesized polyploids were

the addition of the parents, new insertion sites were detected at the fourth generation.

Although the causes of Tnt1 transposition remain unclear, this work suggests that

polyploidy may induce transposition of specific TEs in some cases.

While systematic and immediate transposition bursts seem to occur in specific

polyploids only, the study of polyploidy-induced restructuring of TE genome

fractions highlighted sequence elimination to a large extent. Studies on Triticaceae
species (Feldman et al. 1997; Ozkan et al. 2001) showed that synthesized allopoly-

ploids between Triticum and Aegilops have rapidly eliminated high-copy, low-

copy, coding and noncoding DNA sequences. Allopolyploidy in Spartina was

associated with a predominant loss of bands, principally from maternal origin,

suggesting DNA elimination within or including TE insertions (Parisod et al.

2009). Petit et al. (2010) identified losses and indels around insertions of paternal

Tnt1 sites in synthesized allotetraploid tobacco.
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As a whole, the study of different polyploid systems revealed no evidence of

immediate and systematic TE bursts after polyploidy, but suggest that TE genome

fraction are affected by elimination of DNA sequences in the first generations after

allopolyploidization.

9.4.2 Epigenetic Modification in TE Genome Fraction

In synthetic allotetraploids (Arabidopsis thaliana � A. lyrata subsp. petrea),
methylation changes at 25 % of the genome-wide loci surveyed was assessed by

MSAP (Beaulieu et al. 2009). Another study on newly synthetized allotetraploids

Arabidopsis suecica identified that TE activation was correlated with sequence

demethylation, but this was not associated with significantly higher rate of trans-

position (Madlung et al. 2005). Comparing reorganization of CG methylation in the

whole genome vs. TE genome fractions, Parisod et al. (2009) revealed that most

methylation changes occurred in the TE fraction of recent Spartina polyploid. The

investigation of methylation changes around insertion sites of three DNA

transposons (Balduin, Apollo and Thalos) during the first four generations of

newly formed allohexaploid wheats revealed that 54 % of the sites have undergone

CG methylation changes (Yaakov and Kashkush 2011). Noticeably, these epige-

netic modifications were hypermethylation to a large extent and occurred mainly

during the first two generations. Recently, study on newly formed wheat allohexa-

ploids demonstrated substantial methylation changes around the TRIM Veju during
the first four generations. Interestingly, hypomethylation was predominant in the

first generation and quickly followed by hypermethylation (Kraitshtein et al. 2010).

The study of 3,072 transcripts in wheat allotetraploids [genome SSAA: Aegilops
sharonensis (SS) � Triticum monococcum ssp. aegilopoides (AA)] showed that

12 transcripts, including retrotransposons, were activated at early stage after

polyploidization probably in correlation with methylation changes (Kashkush

et al. 2002). Such activation of TEs was shown to influence the expression of

adjacent genes through methylation changes (Kashkush et al. 2003).

Twenty-four-nucleotide-long small interfering RNAs (siRNA) maintain DNA

methylation and are enriched in and around TEs, suggesting that they play a major

role in controlling transposition (Slotkin and Martienssen 2007; Teixeira et al.

2009; Bourc’his and Voinnet 2010). Comparisons of F1 and F7 generations of

synthetic allotetraploids Arabidopsis suecica with the two parental diploids

A. thaliana and A. arenosa showed that methylation changes were associated

with variation in siRNAs (Ha et al. 2009). The expression of siRNAs in the hybrids

deviated from the additivity of the parents and presented drastic changes during the

first generation (F1) before stabilizing in later generations (F7). Accordingly,

siRNAs produced during interspecific hybridization seem to support a greater

stability of the allopolyploid genome and may “serve as a buffer against the genome

shock.” Correspondingly, in a synthetic hexaploid wheat, the massive sequencing

of siRNAs revealed that the proportion of siRNAs related to TEs decreased in
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allopolyploids compared to the parental lines or F1 hybrids, suggesting that TE

regulation was destabilized in polyploids (Kenan Eichler et al. 2011). Detailed

investigations of two copia LTR retrotransposons (Veju and Wis2-1A) indicated

that their transcription rate was higher in the polyploids, but no formal link was

established between the levels of siRNA and transcription.

As a whole, polyploidy induces considerable reshuffling of epigenetic marks,

mainly in TE fractions. This may change TE dynamics, but the formal link between

these processes remains to be clarified. As genetic and epigenetic variation sit on

top of each other, it is crucial to further understand the fuelling role of TEs on

restructuring and epigenetic repatterning across the genome. Polyploidy seem to

induce the transcriptional activation of specific TEs (although not necessarily

transposition) and may help to shed light on the mechanisms underlying the control

of such elements.

9.5 Long-Term Restructuring in TE Genome Fraction

Long-term genome reorganization underlying evolutionary changes during the

species lifespan includes mutations, exchanges of chromosome sections, evolution

of TE families in subgenomes and introgression between polyploids (Comai 2005;

Doyle et al. 2008; Leitch and Leitch 2008; Feldman and Levy 2009). The properties

of polyploid genomes as compared to diploids are not fully clear yet, but it seems

that genetic redundancy might allow higher accumulation of mutations, which may

be recruited by adaptive processes to improve the success of polyploids in nature

(Feldman and Levy 2005; Otto 2007; Parisod et al. 2010b). Our knowledge of the

causes and consequences of polyploid genomes evolution over thousands of years is

still limited, because it is experimentally impossible to reproduce and thus can only

be indirectly analyzed (Table 9.1). Genome changes are indeed investigated by

comparing established polyploids to extent diploids and, since both diploids and

polyploids may have evolved since the polyploidy event, it remains hard to distin-

guish between changes due to allopolyploidy and those that occurred during the

polyploid species lifespan. As the turnover of TE insertions is relatively high (Vitte

and Panaud 2005), the study of TE dynamics in millions-year old polyploids is

challenging.

Several studies on the polyploid wheats (Triticum durum; genome BA and

T. aestivum; genome BAD) investigated the TEs by sequencing large genomic

regions and identified waves of TE insertions proliferation at different time and in

different genomes. A detailed survey of parts of the chromosome 3B of hexaploid

wheat highlighted more than 3,000 TEs that evolved through several waves of

transposition within the last four million years (Choulet et al. 2010). While fluores-

cent in situ hybridization revealed that the retrotransposon Fatima contributed to

B-genome-specific patterns (Salina et al. 2011), Charles et al. (2008) used BAC

sequencing and assessed that 90 % of the divergence between the A and B

subgenomes was due to restructuring of TE fractions. However, the inferred timing
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of transposition for athila-like, other gypsy and copia retrotransposons was not

matching the polyploidy events, indicating that their proliferation was related to the

divergence of parental genomes before merging more than to genome merging.

While significant transposition seems to rarely occur in polyploid wheats, evidence

from transposon displays (Bento et al. 2008) and from the comparison of the

hardness locus (Chantret et al. 2005) in diploid, tetraploid, and hexaploid wheat

species showed major rearrangements in repetitive fractions of polyploid genomes.

TE insertions were indeed often truncated and/or presented large indels in the

polyploids, suggesting that TEs sustain unequal or illegitimate recombination in

response to polyploidy. Moreover, a recent study investigating the dynamics of

siRNAs in natural hexaploids wheat confirmed their important role in repressing TE

activation through methylation in the short term, but also noticed an increased

mutation rate in heavily methylated TEs (Cantu et al. 2010). Interestingly, this

suggests that short-term repression might turn into a long-term mechanism of TE

inactivation and genome evolution.

The sequencing of partial reverse transcriptase from six diploid and related

allotetraploids of Brassica showed that most copia and gypsy sequences are shared
by all species (Alix and Heslop Harrison 2004). No evidence of specific amplifica-

tion in polyploids was revealed based on sequence similarity. More recently, Alix

et al. (2008) provided evidence for several waves of amplification of a specific

CACTA transposon (BOT1) in the diploid Brassica oleracea as compared to the

allopolyploid Brassica napa. Accordingly, the transposition of BOT1 was respon-

sible for the divergence between diploid species but no recent transposition activa-

tion was assessed in polyploids. While the BraSto MITE apparently amplified in the

two parental genomes (B. rapa and B. oleracea) and their allotetraploid (B. napus),
no specific burst at allopolyploidization was inferred (Sarilar et al. 2011). Based on

the sequencing of reverse transcriptase in the allopolyploid cotton (Gossypium
hirsutum) and its parental diploids (Gossypium arboreum and G. raimondii), differ-
ent activity of copia, of gypsy Gorge3 LTR retrotransposon, and of long

interspersed nuclear elements (LINEs) was highlighted (Hu et al. 2010). While

various proliferation periods were identified for the different TEs in the different

species, bursts were apparently TE specific and hardly related to polyploidy. The

comparison of sequences around the cellulose synthase locus (Grover et al. 2004)

and the alcohol dehydrogenate locus (Grover et al. 2007) in the diploid progenitors

and tetraploid cottons revealed a similar rate of TE activity, but a higher turnover in

the polyploid TE fraction (Grover et al. 2008). Small deletions in TEs were indeed

found to be extremely frequent in the polyploid, underlying genome contraction as

compared to diploids. Corresponding conclusions were reached by comparing the

MONOCULM1 region in diploids and tetraploids Oryza species (Lu et al. 2009).

While different TEs amplified in divergent species and were associated with

different genome size, polyploid TE fractions were characterized by sequence

elimination and, mostly, TE truncation.

A few studies provided circumstantial evidence of significant TE proliferation in

polyploid genomes. BAC sequencing in diploid progenitors and allopolyploid

coffeas (Coffea caneophora,C. eugenioides, and the polyploid C. arabica) revealed

9 Responses of Transposable Elements to Polyploidy 161



differential transposition of specific TEs in the polyploid (Yu et al. 2011). In

particular, a recent proliferation of copia retrotransposons was highlighted in

C. arabica and participated to size variation of the corresponding subgenome as

compared to its diploid state. Similarly, confronting hom(eo)ologous sequences of

modern sugarcane (Saccharum spp.), breakdown of colinearity was specifically

observed in the TE fraction, suggesting a dynamic of expansion of TEs (Garsmeur

et al. 2011). Focusing on evolutionary dynamic of several copia retrotransposons

(Tnt1, Tnt2 and Tto1) in allotetraploids Nicotiana tabacum and its two parental

species (N. sylvestris and N. tomentosiformis) with SSAP, Petit et al. (2007) inferred
considerable turnover in TEs sequences, including several new bands suggestive of

transposition as well as sequence loss. Recently, Renny-Byfield et al. (2011) used

low-coverage 454 sequencing to investigate the dynamics of transposable elements

in N. tabacum and the its progenitors. The high degree of similarity between gypsy
sequences indicated a potential TE expansion in N. sylvestris, but not in

N. tomentosiformis or in the allopolyploid N. tabacum. The characterization of a

large number of TE insertions in a single analysis strongly suggests the observed

pattern to be explained by TE expansion in N. sylvestris after the polyploidization,
but cannot entirely rule out massive TE deletions in polyploids. Associated with

rigorous statistical treatment still to be developed, new sequencing techniques will

offer decisive insights on the impact of TEs on long-term polyploid genome

evolution, because they enable the investigation of whole genome reorganization.

Some of the difficulties inherent to the inference of long-term evolutionary

processes can be circumvented by population approaches surveying genome diversity

and interpreting patterns within a reliable population genetics framework. Little work

adopted this promising method. Investigation of a stress-inducible MITE (AhMITE1)

transposon in polyploid peanuts showed that a specific insertion at the FST-1

locus was segregating within the allopolyploid lineages (Gowda et al. 2011). As

the AhMITE1 insertion was absent from the primitive allopolyploids (Arachis
monticola), but present in derived Arachis hypogaea, this may suggest TE activation

after polyploidy. Hazzouri et al. (2008) compared the distribution of insertions of

Ac-like transposon in populations of the allopolyploid A. suecica and of the auto-

polyploid A. arenosa. In stark contrast with expectations raised under the hypothesis
of a polyploidy-induced burst of transposition, the allopolyploids had mostly fixed

insertions (i.e., non-polymorphic and mainly inherited from the parents). Autopoly-

ploids showed significant segregation of polymorphic insertions, indicating that some

TEs recently transposed and were not removed by selection. A similar approach was

used in the 4.5 million-year-old polyploids of the monophyletic Nicotiana section

Repandae and highlighted considerable restructuring in TE fractions (Parisod et al.

2012; Lim et al. 2007). Although the exact timing of restructuring events was hardly

assessed, most new and lost SSAP bands were shared by all polyploid species,

suggesting that substantial genome changes occurred shortly after the polyploidy

event. Noticeably, the different TEs showed contrasted segregation patterns in the

different polyploid species, indicating that long-term genome turnover may depend

not only on intrinsic properties of TE populations but also on constraints imposed by

host populations.
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As a whole, insights on the impact of polyploidy on TEs and on the long-term

genome evolution of polyploid genomes remain hardly conclusive. Available evi-

dence seems to suggest that polyploidy per se did seldom influence transposition rate

on the long term. However, the evolution of TEs after genome merging has not been

extensively addressed yet. Interestingly, Sharma et al. (2008) noticed recombination

between centromeric TE family (CRM1) from the two parental subgenomes of maize

and suggested that such novel recombinant TE might proliferate in relation to

polyploidy. Although massive TE proliferation long after the polyploidy event

seems not to be the rule, TE fractions show considerable restructuring and apparently

foster genome evolution in the long term. Polyploid TE insertions indeed reveal indels

and truncation to a large extent, suggesting that TEs represent opportune substrate for

recombination to actively shape genome architecture (Devos et al. 2002).

9.6 Conclusion

Polyploidy is a major evolutionary process leading to massive restructuring events and/

or epigenetic modifications throughout the genome. Evidence is accumulating that TEs

play a central role in fuelling such genome reorganization (Table 9.1). In contrast to a

common belief, recent studies on several polyploids systems indicate that polyploidy-

induced transposition bursts are far from being a general rule. Only few studies

assessed an important burst of transposition from young and specific TE families

(Parisod et al. 2010a). Available evidence however indicates that restructuring events

associated with polyploidy are more frequent in TE genome fractions than in random

sequences, but predominantly involve DNA sequence deletion rather than transposi-

tion. It suggests TE-specific mechanisms, but untargeted DNA lesions affecting the

predominant fraction of genomes (i.e., TEs) cannot be ruled out.

Available data suggest that genome reorganization generally occurs in the first

generations following the polyploidy event and involves epigenetic changes in the

vicinity of TEs to a large extent. Such evidence matches the expectations of the

Genome Shock hypothesis and suggests that hybridization reveals TE-specific

incompatibilities. Genome merging is indeed prone to alter the balance between

TEs and siRNAs and such conflict might thus induce the activation of TEs during

polyploidy (Box 9.1). It should, however, be noted that a massive transpositional

activation of TEs could be strongly deleterious to the nascent hybrid genome.

Accordingly, it is tempting to speculate that only polyploids having controlled

transposition through substantial repatterning of epigenetic marks and/or having

lost TE fragments could be viable.

9.7 Perspectives

Despite a growing number of examples illustrating the central role of transposable

elements during genome evolution, many crucial issues remain unanswered. We are

indeed far from understanding the molecular mechanisms or the evolutionary forces
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underlying genome reorganization. The race between host genomes and highly

mutagenic TEs deserves additional work (Blumenstiel 2011), and polyploidy seem

to represent a convenient process to further explore the mechanisms activating and

repressing TEs in both the short and the long term.

Future studies shall address whether the necessary genome changes related to

TEs could turn beneficial by improving the viability and fertility of the nascent

polyploid genome. Although some cases of adaptive evolution through TE insertion

have been assessed (Bennetzen 2005), the frequency of beneficial vs. neutral vs.

deleterious insertions is still largely unknown. As polyploids often see the expres-

sion pattern of duplicated genes modified, such system may help to assess to what

extent TEs trigger phenotypic evolution through non-functionalization, sub-

functionalization, or neo-functionalization (Walsh 2003). Moreover, nascent

polyploids have to establish populations and form reproductively isolated lineages

to persist in nature. Accordingly, it remains to be assessed to what extent (TE-

induced) genome reorganization sustains ecological shifts associated with poly-

ploid speciation (Parisod 2012).

Most studies reviewed here relied on allopolyploid species originating from the

merging of widely divergent genomes. Accordingly, further comparison of

autopolyploids vs. allopolyploids could be fruitful in order to better understand

the impact of genome merging vs. genome doubling on the control of TEs and the

evolutionary forces acting on the resulting variation. Furthermore, conflicts

between subgenomes as put forward here to explain TE-induced reorganization

after polyploidy is a process occurring at the fundamental level of the genome,

while evolutionary forces such as selection or genetic drift act at the level of

populations. Accordingly, the Genome Shock, the Redundancy, and the Bottleneck

hypotheses are not mutually exclusive. Future work addressing the causes and

consequences of TE activation on (polyploid) genome evolution shall integrate

this full hierarchy (Tenaillon et al. 2010).
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Chapter 10

Noise or Symphony: Comparative Evolutionary

Analysis of Sugarcane Transposable Elements

with Other Grasses

Nathalia de Setta, Cushla J. Metcalfe, Guilherme M.Q. Cruz, Edgar A. Ochoa,

and Marie-Anne Van Sluys

Abstract Sugarcane is an important crop worldwide for sugar and biofuel produc-

tion. Modern sugarcane cultivars have large, highly complex, polyploid genomes, and

like other grasses, have a significant transposable element (TE) content. Four sugar-

cane TE superfamilies, hAT,Mutator, Gypsy and Copia, were first described from an

EST database and, with the availability of genomic sequence, further characterised

and compared with TEs from other grasses. Here we summarise previous work and

extend the knowledge of the structure, diversity, evolutionary history, age, transcrip-

tional activity and genomic distribution of sugarcane TEs. We also compare and

contrast sugarcane TEs with homologous sequences in rice and sorghum, as well as

analyse the age and genomic distribution of sugarcane TEs with related lineages from

sorghum and rice. Finally, we discuss the importance of defining sugarcane TE

lineages for understanding the contribution of ancestral genomes to modern cultivars,

for genome sequencing and annotation and in applied genetics.
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LTR Long Terminal Repeats

my millions of years

mya millions of years ago

MuLES Mutator-Like ElementS

NCBI National Center for Biotechnology Information

QTL Quantitative Trait Loci

SChAT SugarCane hAT sequences

sRNA small RNA

TE Transposable Elements

TIRs Terminal Inverted Repeats

WGD Whole Genome Duplication

10.1 Introduction

Sugarcane is an important crop worldwide, being a major source of sugar, and is also

increasingly being used for the production of renewable energy sources such as

ethanol (DCAA/SPAE/MAPA, http://www.agricultura.gov.br/vegetal/estatisticas).

Sugarcane has a highly complex genome, which has hindered research, and, unlike

many other grasses (International Rice Genome Sequencing Project 2005; Paterson

et al. 2009b; Schnable et al. 2009; The International Brachypodium Initiative 2010)

the sequencing of sugarcane genome is at the pilot stage. A reduced representation

approach, i.e. expressed sequence tags (ESTs) and QTL mapping, has been used to

initially characterise the genome (see Souza et al. 2011 for a review) and currently a

consortium of laboratories are sequencing, assembling and annotating 300 full-length

BACs of the modern sugarcane cultivar R570. In addition, as part of the Brazilian

BIOEN project, another 700 BACs will be sequenced from the SP80-3280 cultivar,

with the aim to increase our knowledge of sugarcane genome composition and

variability. Analysis of EST libraries (Vettore et al. 2003) and BAC sequences (de

Setta et al. 2011), combined with experimental approaches, has enabled our group to

start characterising the transposable element component of the sugarcane genome.

10.1.1 Sugarcane and the Evolutionary History of Grasses

The grass family (Poaceae) comprises over 600 genera and more than 10,000

species (Clayton and Renvoize 1986; Kellogg 2001). Although other angiosperm

families are more speciose, the grasses are important for their ecological dominance

and agricultural and economic significance. The grasses include many important

crop species, for example Oryza sativa (rice), Hordeum vulgare (barley), Triticum
aestivum (wheat), Sorghum bicolor (sorghum), Zea mays (maize) and Saccharum
officinarum L. (sugarcane), as well as the economically important turf grass species

(Kellogg 2001; Gaut 2002). A large collaborative effort by the Grass Phylogeny

Working Group (GPWG) has resulted in a robust phylogeny of the grasses based on
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both morphological and molecular data (Grass Phylogeny Working Group 2001).

Twelve superfamilies are recognised. Saccharum is a member of the large

Panicoideae superfamily, which includes the economically important maize,

sorghum, pearl millet and foxtail millet. Of these, Saccharum is most closely

related to sorghum (Fig. 10.1a).

Grasses have wide range in chromosome number and genome size and are

considered to have liable genomes (Gaut 2002). The modern sugarcane cultivar

genome is particularly complex and large (1C ¼ 5,000 Mb or 5,11 pg) with

chromosome numbers ranging from 100 to 130 (D’Hont and Glaszmann 2001).

The sugarcane genome is the result of several whole genome duplications (WGD)

last 100 years

a

b
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Fig. 10.1 Evolutionary history of grasses and sugarcane. (a) Phylogeny of the grasses showing

divergence times and whole genome duplications (WGDs) relevant to Saccharum spp.. Diver-

gence times and placement of WGDs from Paterson et al. (2010). Numbers above the line and grey
oval indicate time of divergence and a WGD, respectively. BEP clade: Bambusoideae,

Ehrhartoideae and Pooideae Subfamilies. (b) Evolutionary history of Saccharum modified from

Grivet et al. (2006).White box: wild species, grey box: cultivated species. Line and dashed arrows
indicate hybridization events and minor contribution to modern sugarcane cultivars repertoire,

respectively. Chromosome numbers from Grivet et al. (2006)
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and recent hybridisation events. The first of these WGDs is thought to occur 20

million years ago (mya) before the diversification of grasses, estimated to be

55–70 mya, based on fossil evidence (Kellogg 2001) (Fig. 10.1a). The ancestor to

the grasses is considered to have had a chromosome complement of either 2n ¼ 10

or 14 (Salse et al. 2008; Devos 2009). After the first WGD this complement

underwent various rearrangements resulting in a 2n ¼ 24 complement, very similar

to that seen in rice, which most authors agree is the most likely ancestral karyotype

for the grasses (Salse et al. 2008; Devos 2009). The other two WGDs within the

sugarcane linage are much more recent. Saccharum last shared a common ancestor

with Sorghum about 8–9 mya (Jannoo et al. 2007). The high chromosome numbers

in Saccharum, plus the observation that many regions of the Sorghum genome

corresponds to four or more homologous regions in Saccharum, suggest that there
was a least two WGDs in the Saccharum lineage (Ming et al. 1998; Paterson et al.

2009a), after the divergence of Saccharum and Sorghum (Jannoo et al. 2007; Wang

et al. 2010) (Fig. 10.1a).

10.1.2 Evolutionary History and Domestication of Sugarcane

Saccharum can be divided into three groups: wild Saccharum, and modern and

traditional cultivars (Grivet et al. 2004) (Fig. 10.1b). Wild sugarcane species

include S. spontaneum, which has a wide variation in chromosome number

(2n ¼ 40–128) and S. robustum, with two cytotypes predominating, 2n ¼ 60 and

2n ¼ 80 chromosomes (Sreenivasan et al. 1987; D’Hont et al. 1998). There are two

groups of traditional cultivars, the “Noble” clones (S. officinarum) with 2n ¼ 80

chromosomes, which are still cultivated; and two varieties that are no longer

cultivated and exist only in germplasm collections, the North Indian S. barberi
(2n ¼ 111–120 chromosomes) and the Chinese S. sinense (2n ¼ 81–124

chromosomes) cultivars (D’Hont et al. 1996; Grivet et al. 2004). In addition to

these two groups and the modern cultivars, there are two other, less well-described

taxa, S. edule and S. maximum.

10.1.2.1 Evolutionary Path to Sugarcane

Prior to more recent molecular studies, it was thought that other genera, particularly

Miscanthus, Erianthus, Schlerostachy and Narenga, contributed in the emergence

of sugarcane (reviewed in Daniels and Roach 1987). However, based on several

molecular studies, including isozyme, fragment length polymorphism, amplified

fragment length polymorphism and repeated species-specific sequence, it is now

becoming clearer that the genus Saccharum is a well-defined lineage that has

diverged over a long period of time from sister genera (reviewed in Grivet et al.

2004, 2006; D’Hont and Glaszmann 2001). The two wild species, S. spontaneum
and S. robustum can also be clearly distinguished both morphologically and at the
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molecular level (reviewed in Grivet et al. 2004, 2006), they also have different

basic chromosome numbers, x ¼ 8 in S. spontaneum and x ¼ 10 in S. robustum.
Based on this molecular data, as well as morphological and geographical

considerations, Grivet et al. (2004) propose the following scenario. Sugarcane

arose in the South-East Asian and Melanesian region. This region has two distinct

floras and faunas, first described by Alfred Wallace. The Wallace line or Wallace’s

line, runs between two continental shelves, the Sunda (mainland Southeast Asia,

Java, Sumatra and Kalimantan) and the Sahul (Australia, New Guinea and close

islands) shelves. In the scenario proposed by Brandes (1958), the twowild sugarcane

species, S. spontaneum and S. robustum, differentiated on either side of the Wallace

line, S. spontaneum north of the line on the Sunda shelf, S. robustum south of the line

on the Sahul shelf. On the island of New Guinea, known for the domestication of

several important crops (Lebot 1999), S. robustum was domesticated, creating the

“Noble clones” (S. officinarum).

10.1.2.2 Traditional and Other Cultivars

Several lines of molecular evidence support the origin of the S. officinarum, the Noble
clones from the wild species S. robustum (Fig. 10.1b). Twomitochrondrial haplotypes

are found in S. robustum, one muchmore common than the other. This more common

mitochondrial is the single haplotype found in a series of S. officinarum clones

(D’Hont et al. 1993). RFLP analysis of nuclear single copyDNA places S. officinarum
very close to S. robustum (Lu et al. 1994). Finally, while the second wild species,

S. spontaneum, has a basic chromosome number of x ¼ 8, for both S. officinarum
(2n ¼ 80) and S. robustum (major cytotypes with 2n ¼ 60 and 80), the most probable

basic chromosome number is x ¼ 10 (D’Hont et al. 1998).

There are also several lines of evidence supporting the hypothesis that the

traditional cultivars, S. barberi and S. sinense, are derived from interspecific

hybridisation between S. officinarum and S. spontaneum (reviewed in D’Hont

et al. 2002). Nuclear RFLP markers place S. barberi and S. sinense between

S. officinarum and S. spontaneum. Southern hybridisation with genus-specific

sequences from Erianthus,Miscanthus and Saccharum do not support the contribu-

tion of Erianthus or Miscanthus to S. barberi and S. sinense. Finally, genomic in

situ hybridisation using S. officinarum and S. spontaneum genomic DNA as probes

clearly shows homogenous labelling of all chromosomes in S. barberi and

S. sinense (D’Hont et al. 2002). Regarding the less well-described taxa, S. edule
and S. maximum, the little data available suggests that S. edule is a series of

S. robustum mutant clones preserved by humans and that S. maximum may be a

heterogenous group with different levels of introgression between Saccharum and

Miscanthus (reviewed in Grivet et al. 2006) (Fig. 10.1b).
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10.1.2.3 Modern Cultivars

Early in the nineteenth century, breeders in Java and India produced interspecific

hybrids between S. officinarum as the female parent and S. spontaneum and, to a

lesser extent S. barberi, as the pollen donor. F1 hybrids were backcrossed with

S. officinarum in a process known as “nobilisation” (Fig. 10.1b). Hybrids between

S. officinarum and S. spontaneum show a 2n þ n transmission, where 2n is the entire
genome of S. officinarum. This phenomenon remains true in the first backcross

between the 2n þ n F1 and the female S. officinarum but generally breaks down in

subsequent backcrosses (Bremer 1963; Piperidis et al. 2010). Early breeders used

this phenomenon to introduce vigour and resistance genes from S. spontaneumwhile

quickly recovering the high sugar content of S. officinarum (Roach 1972). Further
crosses have resulted in the modern sugarcane cultivars, which have highly complex

interspecific polyploid genomes, with high chromosome numbers (2n ¼ 100–130),

70–80% of which are from S. officinarum, 10–23% from S. spontaneum, and a small

portion being recombinants (D’Hont et al. 1996; Piperidis et al. 2010).

All work presented here is based on sequence data from two modern cultivars,

R570 and SP80-3280. The cultivar R570 was chosen by the SUGESI SUgarcane

GEnome Sequencing Initiative team as a priority for a reference sequence since it is

a typical modern sugarcane cultivar obtained by the Centre d’Essai de Recherche et

de Formation (CERF) in La Réunion (http://www.ercane.re/) and for which the

genome has been best characterised (see Souza et al. 2011 for a review). The

cultivar SP80-3280 is the cultivar that contributed most to the SUCEST SUgarcane

EST project and is currently being sequenced by a Brazilian group funded by the

FAPESP Bioenergy Research Program BIOEN (http://bioenfapesp.org; Vettore

et al. 2003).

10.2 Sugarcane Transposable Elements

10.2.1 Overview

The first analysis of TEs in sugarcane was based on the Sugarcane EST database

(SUCEST), which has more than 43,000 putative transcript clusters (Vettore et al.

2003). Rossi et al. (2001) were able to identify 276 cDNAs homologous to TEs, of

which 54% were DNA transposons and 46% LTR retrotransposons, classified into

21 TE families. TheMutator DNA transposon and Hopscotch LTR retrotransposon

(Copia superfamily; RLC_scAle) were the first and the second most expressed

families, both in the EST database, and in a validation experiment with callus,

leaf roll, apical meristem and flower (Araujo et al. 2005). Araujo et al. (2005) were

also able to identify transcripts from Ac-like DNA transposons (hAT superfamily)

and from the Gypsy LTR retrotransposon superfamily.
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Some of the TEs identified in the EST analyses were further characterised in terms

of function, structure and evolutionary history by our research group. This included

identification of complete elements in sugarcane BACs, evaluation of transcriptional

activity and small RNA (sRNA) targeting, and comparative phylogenetic and synteny

analyses with other grass genomes (Rossi et al. 2004; Saccaro-Junior et al. 2007; de

Jesus et al. 2012; Domingues et al. 2012; Manetti et al. 2012). The results illustrate

that these elements have different diversification and evolutionary histories, involv-

ing bursts of transposition and domestication. In this review we summarise the

current knowledge of sugarcane TEs. We compare and contrast the four main

superfamilies of sugarcane TEs studied by our laboratory, and compare them with

homologous sequences in rice and sorghum. Two are Class II superfamilies:Mutator
(Rossi et al. 2001; Rossi et al. 2004; Saccaro-Junior et al. 2007; Manetti et al. 2012)

and hAT (Rossi et al. 2001; Araujo et al. 2005; de Jesus et al. 2012); and two are Class

I superfamilies, Copia and Gypsy (Domingues et al. 2012). In order to compare

representative families of sugarcane TEs with those from other grasses, we also

analysed and compared the chromosomal distribution for all four superfamilies and

time of insertion for LTR retrotransposons. We discuss the repetitive content of the

sugarcane genome in terms of its impact on the structure of the genome, the

importance of describing and cataloguing TEs in terms of genome assembling and

annotation, and how a better understanding of the TE content of sugarcane may aid in

cultivar development.

10.2.2 Mutator Transposons

Mutator has been described as the most mutagenic plant transposon system

(Diao and Lisch 2006). The canonicalMutator element,MuDR, was first described
in maize (Robertson 1978) and is composed of two genes, mudrA and mudrB.
The transposase protein necessary for MuDR mobilisation is encoded by mudrA.
On the other hand, no function has been determined for mudrB, which is restricted

to the Zea genus (Diao and Lisch 2006).Mutator-like elements (MuLEs) are widely
distributed in angiosperms (Yu et al. 2000; Lisch et al. 2001; Rossi et al. 2004) and

are transcriptionally active (Lisch 2002). In sugarcane, MuLEs were first identified
in the SUCEST database as the most highly transcribed TEs (Rossi et al. 2001,

2004). Thirty-four poly-A derived clones with homology to the maize mudrA were

identified. Phylogenetic analysis with mudrA sequences of sugarcane, maize, rice

and Arabidopsis thaliana showed that sugarcane mudrAs fall into four well-defined
phylogenetically distinct clades, Classes I–IV. Each Class is comprised of either

putative domesticated or bona fide transposons, and appear to be very old, since

they diverged before the monocot–eudicot split (Rossi et al. 2004).
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10.2.2.1 Domesticated Mutators

MUSTANGs are mudrA-derived domesticated genes previously described in

Arabidopsis and rice (Cowan et al. 2005). Several lines of evidence suggest that

Class III and IV are putative domesticated elements. Phylogenetic analysis of

sugarcane Class III and IV Mutator sequences, Arabidopsis and rice MUSTANGs

showed a topology according to the host phylogeny, which suggests that they

are MUSTANG orthologues, and that a single MUSTANG domestication event

occurred prior to the Monocot and Eudicot divergence (Saccaro-Junior et al. 2007).

The low copy number of these sequences (Saccaro-Junior et al. 2007) and the

relatively high expression level of MUSTANG genes in sugarcane and rice also

support the domestication hypothesis (Cowan et al. 2005; Saccaro-Junior et al.

2007). Two TE evolutionary mechanisms were evidenced by the phylogenetic

analysis ofMutator elements from sugarcane, rice and Arabidopsis (Saccaro-Junior
et al. 2007). First, MUSTANG genes from sugarcane, Arabidopsis and rice evolved
and differentiated by a series of duplications. Second, the authors described several

sugarcane MUSTANG haplotypes for each rice orthologue, which are probably the

result of interspecific hybridisation/polyploidy/aneuploidy of sugarcane. This was

the first time that sugarcane TE alleles have been clearly characterised.

10.2.2.2 Bona Fide Mutator Transposons

Class I and IIMutator elements were identified as bona fide transposons, with Class I
sequences being the most closely related to the canonicalMuDR (Saccaro-Junior et al.

2007). Based on hybridisation of a BAC library membrane set using a representative

transcript from each class, Class II has the highest number of copies, indicating that

these elements underwent a recent or even continuing burst of transcriptional activity

in sugarcane, resulting in copy number amplification (Saccaro-Junior et al. 2007)

(Table 10.1). In order to better understand class-specific amplification, Saccaro-Junior

et al. (2007) did an in silico search in the rice genome (Table 10.1). Here, we extend

this information with an in silico search in sorghum, using as queries the sequences of

the probes hybridised against the BAC library by Saccaro-Junior et al. (2007). Like

sugarcane, rice and sorghum havemore Class II elements than Class I (Table 10.1). In

sugarcane, rice and sorghum, Class I and II Mutator elements are most frequently

located along the chromosome arms, with most copies found in euchromatic regions

(Saccaro-Junior et al. 2007, Manetti et al. 2012) (Fig. 10.2). Although maize genomes

have not been examined specifically for the chromosomal distribution of Mutator
elements, DNA transposons are mainly found in non-centromeric regions (Schnable

et al. 2009). All these results indicate that Class I and IIMutator elements have similar

chromosome distribution and copy number patterns in grasses.

Mutator transposons have high levels of sequence diversity and are an old

component of plant genomes (Yu et al. 2000; Lisch et al. 2001; Rossi et al. 2004;

176 N. de Setta et al.



Table 10.1 Monoploid copy number of Mutator and hAT superfamily elements in sugarcane,

sorghum and rice, according to Saccaro-Junior et al. (2007) and our analyses

TE Sugarcane Sorghum Rice

Mutator

Class I 28a 15b 50c

Class II 172a 76b 386c

hAT

191 Lineage 3a 2d 0d

257 Lineage 2a 3d 0d

The putative domesticated Mutator and hAT elements were not included in this table
aCopy number evaluated by Saccaro-Junior et al. (2007) for Mutator and in this work for hAT
using membrane hybridisation of the SHCRBa library membrane set as recommended by

manufacture’s instruction (http://www.genome.clemson.edu) and PCR-based probes specific for

each Class/Lineage. The hAT probes were PCR amplified fragments specific for Lineages 191

(207 bp) and 257 (164 bp), respectively (Lineage 191: Schat3F—GGAGAGTATG-

GAAGTGTCCC and Schat4R—CCTATCATACTCGCTGTTTTCT; Lineage 257: Schat5F—

GAGAATGCAGAAGCGGAA and Schat6R—CCACGAAGTCCAGAAGAACT). The total

copy number was calculated by dividing the number of positive clones/1.3 (coverage of the

library) and the monoploid copy number was calculated by copy number/10 (sugarcane decaploid

genome)
bCopy number evaluated in this work by an in silico search (BLASTn) in the sorghum genome

(http://www.phytozome.net, v1.0) using as queries the specific probes for Class I (TE165) and

Class II (TE109), used in the SHCRBa library screening by Saccaro-Junior et al. (2007) (cut-off

e � �57)
cCopy number evaluated by Saccaro-Junior et al. (2007) by an in silico search (BLASTn) in the

rice using as queries sugarcane MULE transcript sequences homologous to maize mudrA (cut-off

e � �57, coverage �60%)
dCopy number evaluated in this work by an in silico search (BLASTn) in the rice (http://www.

phytozome.net, Build 4.0) and sorghum genomes (http://www.phytozome.net, v1.0) using as

queries the TE191and TE257 sequences used as probes in item a (cut-off e � �32)

Copies
0
1
2
3
4
5
6

Copies
0
1
2
3
4

Class I
(n=15)

Mutator superfamily
Class II
 (n=76)

Lineage 191
      (n=2)    

hAT superfamily
Lineage 257
      (n=3)     

Fig. 10.2 Distribution of Classes I and II Mutator transposons and Lineages 191 and 257 hAT
elements in sorghum chromosomes. The putative domesticated Mutator and hAT elements are not

included. The 10 sorghum chromosomes are represented by vertical bars, from 1 to 10. Black
arrows indicate centromeric regions according to Paterson et al. (2009b). Copy number and

location in chromosomes was evaluated by an in silico search described in Table 10.1b, d
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Saccaro-Junior et al. 2007), evolving mainly by vertical transmission and family

differentiation. This conclusion is based on the high similarity between sequences

of the same Class and low similarity between sequences of different Classes.

There are families with autonomous and non-autonomous elements, which remain

capable of transcription, mobilisation and having an impact on genome structure.

However, there are other kinds ofMutator insertions, those that have been recruited
by the host genome, which have lost mobilisation characteristics and have become

domesticated TEs. In sugarcane, both types of families were described (Araujo

et al. 2005; Rossi et al. 2004). Thus, sugarcane MULEs contribute to the dynamics

of the genome, because they can effectively create genetic variability.

10.2.3 hAT Transposons

hAT is a DNA transposon superfamily, named after three well-described elements,

Ac from Zea mays (Döring and Starlinger 1984), hobo from Drosophila
melanogaster (McGinnis et al. 1983) and Tam3 from Antirrhinum majus (Hehl

et al. 1991). Ac is part of the Ac/Ds system, first discovered by McClintock as

“controlling elements” (McClintock 1951). The hAT superfamily is widely

distributed in eukaryotes and very ancient, probably originating before the early

stages of the plant–animal–fungi divergence (Kempken and Windhofer 2001;

Rubin et al. 2001). Currently, there is not a lot of information about their evolution

in plants.

hAT-like elements were the second most expressed DNA transposons identified

in the SUCEST database (Rossi et al. 2001). Twenty-one cDNA transcripts and five

genomic elements were sequenced and compared phylogenetically with hAT
sequences from several monocot and eudicot species (de Jesus et al. 2012). The

sugarcane sequences fell into several different lineages. One of these lineages,

named Lineage 074, was defined by highly conserved sugarcane sequences as

well as related sequences from rice, Arabidopsis, tomato, tobacco, grape and

Populus trichocarpa and DAYSLEEPER from Arabidopsis. DAYSLEEPER is a

putative transcription factor gene, crucial for plant development that appears to

be a domesticated hAT element (Bundock and Hooykaas 2005). Moreover,

Northern blot and dN/dS rate analyses showed the Lineage 074 of sugarcane hAT
elements also has constitutive-like expression and that the elements are under

purifying selection (de Jesus et al. 2012). On the basis of these evolutionary and

expression analyses, de Jesus et al. (2012) proposed that Lineage 074 is a

domesticated version of a hAT transposon that is closely related to DAYSLEEPER.
The other sugarcane hAT-like sequences grouped with autonomous elements from

both monocots and eudicots (de Jesus et al. 2012). Three plant hAT families have

been described by Xu and Dooner (2005); the first includes Ac frommaize, Slide from
tobacco and Tam3 from A. majus; the second, I-R from maize and Tip100 from

Ipomoea purpurea and the third, the most divergent family, Tag1 from Arabidopsis
and Bg from maize. Apart from the proposed domesticated Lineage 074,
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transcriptionally active sugarcane sequences (named SChAT) therefore appear to be

most closely related to the classic Ac transposon family. We cannot be sure if the I-R/
Tip100 and Tag1/Bg families are absent or transcriptionally inactive in sugarcane.

Two lineages of these sugarcane Ac-like elements, Lineages 191 and 257, were

further analysed by de Jesus et al. (2012) and were identified in all examined modern

sugarcane cultivars. They had different Southern blot hybridisation patterns in the

parental species S. officinarum and S. spontaneum. Lineage 257 is present in both

parental species while Lineage 191 is found only in S. officinarum. The identification
of the Lineage 257 in both sugarcane parental species suggests that these elements

were present in the genome of the S. officinarum and S. spontaneum ancestor. On the

other hand, the absence of Lineage 191 elements in S. spontaneum indicates that these

elements evolved after the sugarcane parental species diversified, demonstrating that

there have been different evolutionary histories of these TEs in closely related species

(de Jesus et al. 2012).

To advance our knowledge of the SChAT Lineages 191 and 257, we estimated

their copy number in sugarcane by hybridisation to a SHCRBa membrane set, using

the approach described by Saccaro-Junior et al. (2007). Results showed that

Lineages 191 and 257 have low copy numbers, on average 28.5 and 21.5 copies,

respectively, in the polyploid genome, that is 3 and 2 copies in the monoploid

genome (Table 10.1). To compare the copy number in sugarcane with sorghum and

rice, we performed an in silico search using as queries the same lineage specific

probes hybridised against the SHCRBa membrane set. The results indicated that

Lineages 191 and 257 also have low copy numbers in sorghum, 2 and 3 copies in the

monoploid genome, respectively. These five copies are located on the sorghum

chromosome arms (Fig. 10.2). No sequences homologous to Lineages 191 and 257

were identified in the rice genome, either by Southern blot hybridisation

experiments (de Jesus et al. 2012) or by in silico searches (Table 10.1).

It is clear from the information above that hAT and Mutator share some evolu-

tionary features; however, particularly in the grasses discussed here, they also

exhibit some differences. Like Mutator, hAT is an ancient component of plant

genomes and is evolving by vertical inheritance concomitant with diversification

of families (Xu and Dooner 2005). They have similar chromosomal distributions in

both families and there are examples of putative domesticated elements. On the

other hand, in sugarcane hAT appears to be less active than Mutator, as there are

lower numbers of both hAT transcripts and genomic copies.

10.2.4 LTR Retrotransposons

10.2.4.1 Classification and Structure of LTR Retrotransposons

LTR retrotransposons are ubiquitous in plant genomes. They are themain component

of large plant genomes (Kumar and Bennetzen 1999) and in some cases differences

in LTR retrotransposon content may account for differences in genome size in
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closely related species (Hawkins et al. 2006). They are predominately from two large

superfamilies, Copia and Gypsy, which differ both in sequence similarity, in the

order of genes in the pol domain, and their chromosomal distribution (International

Rice Genome Sequencing Project 2005; Paterson et al. 2009b; Schnable et al. 2009;

Llorens et al. 2011). Within the two superfamilies, LTR retrotransposons can be

further sub-divided into lineages on the basis of reverse-transcriptase sequence

identity (Wicker et al. 2007; Du et al. 2010; Llorens et al. 2011).

BACs derived from the R570 sugarcane cultivar (Tomkins et al. 1999)

sequenced for the BIOEN Project (de Setta et al. 2011) and also those available

at the National Center for Biotechnology Information (NCBI) Web site as at

February 2011, were screened for full-length LTR elements by Domingues et al.

(2012). Sixty sequences, 32 Copia and 28 Gypsy elements, were retrieved. These

were classified into 35 families based on LTR sequence identity within 7 known

(4 Copia and 3 Gypsy) lineages (Wicker et al. 2007; Du et al. 2010; Llorens et al.

2011). Differences in length of elements within lineages was chiefly due to

differences in the size of LTRs and the presence and size of spacer regions between

the coding domains and the LTRs, a feature observed in Copia elements from

wheat, rice and Arabidopsis (Wicker and Keller 2007).

10.2.4.2 Transcriptional Activity of LTR Retrotransposons

and their Associated sRNAs

Araujo et al. (2005) identified an LTR retrotransposon, Hopscotch (Copia super-

family), as the second most highly expressed TE family in the SUCEST database.

Microarrays with callus, apical meristem, leaf roll and flower tissues confirmed the

expression of these elements and identified callus as the tissue with the highest

expression levels. In a functional experiment with leaf, callus and root the ability of

the U3 region in the LTR to act as an active promoter was demonstrated for four

Hopscotch ESTs (Araujo et al. 2005). Domingues et al. (2012) re-analysed ESTs

from the SUCEST database according to the new classification. They showed that

the highest number of ESTs were associated with Ale1 family elements and that

almost all the Hopscotch ESTs described by Araujo et al. (2005) were from the

same family. Although transcripts from all other LTR retrotransposons lineages

were also identified (Domingues et al. 2012), there were more than double the

number the ESTs associated with Ale1 compared with other families, confirming

the findings of Araujo et al. (2005).

The activity of LTR retrotransposons is usually controlled by the host genome

through the siRNA machinery. Two main classes of siRNAs are generated, the 21-nt

class regulates post-transcriptionally related mRNAs, while the 24-nt class

suppresses gene expression at the transcriptional level (Baulcombe 2004). If very

few sRNAs are mapped to an element, it indicates that this element is not transcrip-

tionally active, or it is very recently activated and has not yet triggered the host small

RNA-dependent silencing machinery. If it is not transcriptionally active, silencing

may be being maintained by ancient methylation. (Zhang et al. 2006). Previous
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studies mapping sRNAs to LTR retrotransposons in wheat and maize genomes

(Nobuta et al. 2008; Cantu et al. 2010) showed a pattern of concentration of 24-nt

sRNA in the LTRs when analysing all LTR retrotransposons together.

Domingues et al. (2012) mapped sRNAs to a single reference sequence

(sequence 1) for each family. For almost half of the families (18 out of 33) very

few sRNAs (<2,000 counts) were mapped to the reference copy. The “24-nt LTR”

pattern observed in wheat and maize LTR retrotransposons (Nobuta et al. 2008;

Cantu et al. 2010) was seen in all reference sequences from two families (Del1 and

Tat3) and one lineage (Maximus).
Two other patterns of sRNAmapping were observed, one in which high numbers

of 21-nt sRNAs mapped along the coding region and one in which a very large

number of 24-nt sRNAs mapped within the coding region, seen only in the Ale1
family. Ale1 is the family for which the highest number of ESTs were identified

(Domingues et al. 2012) and for which the U3 region in the LTR has been shown to

be capable of acting as a promoter (Araujo et al. 2005). Zhang et al. (2006) reported

that highly and constitutively expressed Arabidopsis genes were methylated in the

coding region, but not in the promoter region, the “body-methylated gene” concept.

The sRNA pattern in Ale1 indicates that the methylation machinery is being guided

to the coding region of the element, like a gene that is “body-methylated”. It is

unclear whether these patterns of sRNA mapping are particular to sugarcane,

because previous work mapping sRNAs to LTR retrotransposons in maize and

wheat presented overall sRNA patterns for entire superfamilies or a single element

(Nobuta et al. 2008; Cantu et al. 2010). However, it is intriguing and worthy of

further investigation.

10.2.4.3 Chromosomal Distribution of LTR Retrotransposons

Fluorescence in situ hybridisation (FISH), using the sequence from a representative

family of each sugarcane lineage as a probe, in general showed localization patterns

expected from prior results with Gypsy and Copia elements in plants (Heslop-

Harrison et al. 1997; Paterson et al. 2009b). Gypsy elements tended to be more

concentrated in heterochromatic regions; Copia elements were more dispersed

throughout the genome (Domingues et al. 2012). Two elements, Tat2 (Gypsy) and
Ale1 (Copia), had regions with stronger in situ hybridisation signals, that is along

particular chromosome arms, with no particular pattern in terms of euchromatin or

heterochromatin (Fig. 10.3) (Domingues et al. 2012). Tat2 showed a similar pattern

of uneven distribution in two sugarcane cultivars, R570 and SP80-3280

(Domingues et al. 2012). As far as we can tell, they do not cluster together.

It has been suggested that, when an increasing proportion of the genome consists

of TEs, new insertions, even if they occur randomly, will be more likely to occur

within another TEs, thus expanding TE clusters (Hua-Van et al. 2011). The clusters

of Tat2 and Ale1 elements along particular chromosome arms in sugarcane may

therefore be a matter of chance, a cluster of similar TEs that are selectively neutral.

Modern sugarcane cultivars are recent hybrids between S. officinarum and
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S. spontaneum, with uneven contributions from the parental genomes. Seventy to

eighty percent of the chromosomes of a modern cultivar are estimated to be from

S. officinarum, only 10–23% from S. spontaneum, and a small portion are estimated

to be recombinants (D’Hont et al. 1996; Piperidis et al. 2010). The uneven distri-

bution of Tat2 and Ale1 elements may therefore be the result of larger copy numbers

of these elements in one parental type, similar to that reported in wheat (Salina et al.

2011) or, alternatively, it may also be the preferential loss from one parental

genome as seen in tobacco (Renny-Byfield et al. 2011).

To compare the chromosomal distribution of sugarcane LTR retrotransposons

with related elements in sorghum and rice, we extracted full-length LTRs from the

sorghum and rice genomes (see Fig. 10.4 for method details). Using these

sequences, we created in silico heat maps in sorghum and rice for each LTR

retrotransposon family. The lower copy number of Angela1, Ivana1 and Reina1
in sorghum and rice supports Domingues et al. (2012) that the lack of signal for

these probes was probably because they are present in lower numbers than other

elements. Like sugarcane, Del1 is found broadly distributed around and within the

centromeric region in the sorghum genome, but in rice Del1 is widely distributed

(Fig. 10.4). Tat2 and Ale1, which have clusters of localization in sugarcane, do not

show this kind of pattern in sorghum and rice. In these last two species, Tat2
is widely distributed, with higher copy numbers in heterochromatic regions in

sorghum. Ale1, on the other hand, is widely distributed in sorghum, but is almost

absent in rice. The concentration of signals in various chromosomal regions for

Tat2 and Ale1 in sugarcane, and the lack of this pattern in rice and sorghum,

supports the hypothesis that there has been differential transmission or loss from

parental types of some LTR retrotransposons.

scMaximus1 scTat2 scMaximus1/scTat2

Fig. 10.3 FISH localisation of Tat2 and Maximus1elements to sugarcane chromosomes (R570

cultivar). The LTR retrotransposon probes are 2 and 2.4 kb long, for Tat2 and Maximus1,
respectively, and included the reverse transcriptase domain. Tat2 was labelled with Biotin

(green signal) andMaximus1 with Digoxigenin (red signal). All FISH procedures were performed

according to Domingues et al. (2012)
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Fig. 10.4 Distribution and copy number of LTR retrotransposons in sorghum (Sb) and rice (Os)
chromosomes. Chromosomes are represented as vertical bars, from 1 to 10 for sorghum, and from

1 to 12 for rice. Black arrows indicate centromeric regions, according Paterson et al. (2009b) for

sorghum, and the International Rice Genome Sequencing Project (2005) for rice. Total copy

number identified for each chromosome is shown above each chromosome (n). Copy number

for each 5 Mbp window is represented in shades of dark red to white, with 51–60 copies as the

most intense dark red, to 0 as white (bottom right hand corner). Copy number and distribution

evaluation was done in two steps. First, a single representative sugarcane sequence from each

family analysed by FISH by Domingues et al. (2012) was used to identify the closest full element

in sorghum or rice (BLASTn, cut off �80 % for coverage and identity). Second, the closest full

length sorghum or rice sequence was used as query against the sorghum or rice genome to evaluate

the copy number and distribution using BLASTn with a cut-off of �80 % coverage and identity
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10.2.4.4 Time of Insertion of LTR Retrotransposons

To compare insertion time of families of sugarcane LTR retrotransposons with their

chromosomal distribution, and with insertion time and chromosomal distribution of

related elements in sorghum and rice, we extracted full-length LTRs from the

sorghum and rice genomes closely related to the families of sugarcane LTR

retrotransposons used for FISH. Using these sequences, we created in silico heat

maps in sorghum and rice for each LTR retrotransposon family and estimated times

of insertion (see Fig. 10.5 for method details).

We estimated the time of insertion for all 60 sequences identified by Domingues

et al. (2012) and one Tat6 element extracted from a putative centromeric BAC (de

Setta et al. 2011). We also used sequences extracted from the sorghum and rice

genomes for the in silico heat maps to estimate the time of insertion of these

elements and compare with that of the sugarcane elements. Part of the complexity

of the modern sugarcane genome is the result of at least two WGDs since sugarcane

shared a common ancestor with sorghum (Ming et al. 1998; Paterson et al. 2009a)

and the recent interspecific hybridisation between Saccharum species (Grivet et al.

2004). Our estimates indicate most of the LTR retrotransposons elements are two

my old in rice, sorghum and sugarcane (Fig. 10.5). This is consistent with previous

estimates for rice and sorghum (Ma et al. 2004; Paterson et al. 2009b) and other

grasses (Wicker and Keller 2007; The International Brachypodium Initiative 2010),

and indicates a similar high turnover of most LTR retrotransposons in the modern

hybrid sugarcane genome. There have not been any proposed WGDs or recent

hybridisation events in the sorghum lineage since sugarcane and sorghum shared a

common ancestor or in the rice lineage since the diversification of the grasses

(Paterson et al. 2010). The data presented here, therefore, suggests that the insertion

pattern of LTR retrotransposons in sugarcane is the result of dynamics between

insertion rates and removal by recombination events, as in other grasses, and does

not reflect bursts of amplification caused by genomic shock of hybridisation or

polyploidization events. Future studies on the abundance and types of LTR

retrotransposons in a range of modern sugarcane hybrid cultivars and in ancestral

genomes may shed light on the dynamics of LTR retrotransposons in sugarcane.

10.2.4.5 LTR Retrotransposons as Components of the Centromere

Plant pericentromeric regions are known to be enriched in Gypsy elements, such as

those of the CRM and Tat/Athila lineages (Theuri et al. 2005; Mizuno et al. 2006;

Weber and Schmidt 2009). It is known that pericentromeric LTR retrotransposons

persist longer in the genome (Paterson et al. 2009b). For the LTR retrotransposons

analysed, the oldest elements in rice and sorghum, that is those with an insertion

date >3 my, were those from the Tat2 and Del1 lineages in sorghum, which show

patterns of concentration in heterochromatic regions (Fig. 10.4). FISH results for

sugarcane Del1 suggests that it is found in and around heterochromatic regions,
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Fig. 10.5 Histogram of the date of insertion of LTR retrotransposons in sugarcane (red), sorghum
(blue) and rice (green). The phylogenetic relationships for the Copia and Gypsy superfamilies are

based on Domingues et al. (2012). Complete elements (with both LTRs) retrieved from Fig. 10.4

analysis were evaluated. The date of insertion was calculated using 50 and 30 LTR divergence

(Kimura 2-parameters method) as implemented by MEGA5 (Tamura et al. 2011), using the

molecular clock equation T ¼ k/2r, where T is the date of insertion, k is the divergence between
LTR sequences, and r is the evolutionary rate, using the rate of 1.3 � 10�8 substitutions per site

per year, as described by Vitte et al. (2007)
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rather than being strictly centromeric specific. Tat elements from sugarcane fall into

two clades, one with Tat2 and Tat3 sequences, and the other with Tat1, 4, 5, 6, and
Tat7 sequences (Domingues et al. 2012). Elements from the 1st clade, Tat2 and

Tat3, do not appear to be components of pericentromeric or centromeric regions, as

they all have insertion dates <3 my and in FISH analysis Tat2 does not localise

specifically to pericentromeric regions. Elements from the 2nd clade, Tat1, 4, 5, 6,
and Tat7, however, have the oldest insertion times estimated for sugarcane, 2.89 my

for a Tat4 sequence, and 5.1 and 5.5 my for two Tat6 sequences. We do not have

FISH results for any sequences from the 2nd clade, but Tat6 elements have been

found in a BAC identified as centromeric, based on hybridisation to regions

consistent with it being centromeric (Domingues et al. 2012) and on the presence

of CRM LTR retrotransposons and sugarcane centromeric specific repeats (Nagaki

and Murata 2005). Therefore, of the families of elements retrieved by Domingues

et al. (2012), the ones most likely to be components of sugarcane centromeres are

those of the Tat1, 4, 5, 6, and Tat7 families. FISH analysis and fibre-FISH with

sequences from individual families, as well as further BAC sequencing, may

identify centromeric-specific elements.

In summary, the dynamics of LTR retrotransposon turnover in modern hybrid

sugarcane is similar to that found in other grass genomes and appears to be

independent of WGDs and recent hybridisation events. Finally, some sequences

from one clade of Tat elements are the oldest sugarcane LTR retrotransposons

identified, have been found in a centromeric BAC, and therefore may be a

component of the sugarcane centromere.

10.3 Transposable Element Contribution to the Genomic

Diversity of Sugarcane

With the advent of genome sequencing projects, large-scale analysis of the content

and variability of TEs in the grass genomes, for example, rice, maize, sorghum and

the basal wild grass Brachypodium distachyon, has become possible. These species

have significant TE content and, the larger the genome, the larger the TE compo-

nent, being 28%, 39%, 62% and 84% for B. distachyon, rice, sorghum and maize,

respectively (reviewed in Devos 2009). The analysis of TEs in these genomes is

providing insights into the relationships between TE content and genome size, TE

dynamics during polyploidization and the influence of TEs on synteny and

microcollinearity in complex plant genomes. Total TE content in sugarcane has

been evaluated for 100 BACs selected using both TEs and genes as probes (de Setta

et al. 2011) and for another 35 BACs sequenced to analyse specific genes and

microcollinearity (Jannoo et al. 2007; Wang et al. 2010; Garsmeur et al. 2011;

Manetti et al. 2012). All these studies analysed BACs from the only BAC library

available, the SHCRBa library (Tomkins et al. 1999), which provides 1.3� cover-

age of the polyploid genome. de Setta et al. (2011) estimated that the average TE

content of the 100 BACs was 55%. On the other hand, for the other 35 BACs
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(Jannoo et al. 2007; Wang et al. 2010; Garsmeur et al. 2011; Manetti et al. 2012),

the average TE content was estimated to be 22–35%. The differences in estimates

could be explained by the bias in BAC selection for the 35 BACs, since most of

them belong to gene-rich regions.

Understanding and describing TEs is important for the correct annotation and

assembly of a genome. TEs have been mistakenly annotated as hypothetical genes

(Bennetzen et al. 2004) and can disrupt collinearity between genomes. It has been

proposed that the sorghum genome could be used as a tool for the assembly of the

sugarcane genome, because these genomes have a relatively good microcollinearity

in genic regions (Wang et al. 2010). As would be expected from the composition of

grass genomes in general, TEs, other repetitive sequences and non-coding DNA,

occasionally interrupt microcollinearity between sorghum and sugarcane (Jannoo

et al. 2007; Wang et al. 2010; Garsmeur et al. 2011). Analysis of BAC sequence

microcollinearity in our lab confirms these results and suggests that rice and

B. distachyon may also be useful tools for the assembly of gene-rich regions

(Manetti et al. 2012, unpublished data). On the other hand, the use of maize is not

appropriate, since compared to rice, sorghum and B. distachyon, it has longer

intergenic sequences, and more rearrangements and TEs, in the regions we

compared. Although all this data reinforces the fact that TEs can make the assembly

of genomes by comparative approaches difficult; they also emphasise the impor-

tance of TEs in terms of variability and structuring of the sugarcane genome.

Several lines of evidence suggest that the parental genomes S. officinarum and

S. spontaneum have made different contributions to the TE component of modern

sugarcane cultivars. Modern sugarcane cultivars are complex polyploids with

varying contributions of the parental genomes S. officinarum and S. spontaneum
(Piperidis et al. 2010). The parental genomes have different distribution of particular

hAT superfamily lineages; Lineage 257 is found in both S. officinarum and

S. spontaneum, while Lineage 191 is found only in S. officinarum. For the Gypsy
and Copia superfamilies, the FISH probe for two families, Tat2 and Maximus1
showed clustering of signals on particular chromosomes, not seen in the rice or

sorghum in silicomap, which may indicate higher copy numbers of that TE from one

parental genome, or loss, during recent hybridisation events. Further work with

genomic in situ hybridisation (D’Hont et al. 1996) and FISH using TEs as probes

should allow us to describe the relative TEs contribution of parental genomes to

different sugarcane cultivars. Potentially, it could aid in determining if TEs are

segregating within populations, which could be used by breeders as selectively

neutral markers.

While research in sugarcane is driven by economic interests, the modern hybrid

sugarcane genome is interesting from a purely research point of view because of its

origins. Hybridisation is a trigger for genomic restructuring (see Shapiro 2010 for a

review), for example, changes in methylation status (Marfil et al. 2006), chromo-

somal restructuring (Lim et al. 2008) and proliferation or loss of TEs (Ungerer et al.

2009; Renny-Byfield et al. 2011), all of which may be interrelated. Modern

sugarcane cultivars are recent hybrids, it has been estimated that they are less

than ten meioses (between five and seven) since the first interspecific crosses

(Jannoo et al. 1999). While the focus of this review has not been on this aspect of
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the sugarcane genome, future work on TEs in sugarcane may also help elucidate the

fate and effect of TEs in hybridisation events.

10.4 Perspectives

Economic interest has driven grass genome sequencing efforts because they

provide most of the world’s food. Sugarcane is economically important, producing

two-thirds of theworld’s sugar (Marconi et al. 2011) and interest is increasing in its use

as a biofuel (Somerville 2006). It takes at least 250,000 seedlings and 12 years to

create a commercially viable cultivar in traditional breeding programmes

(Cheavegatti-Gianotto et al. 2011). Currently molecular techniques are not widely

used due to the lack of physical or saturated genetic maps and information on the

sugarcane genome in general (Souza et al. 2011). The annotation of TEs in sugarcane

can assist breeding programmes in several different ways, for example by providing

selectively neutral molecular markers, as an aid in the correct annotation of genes

and assembling of the genome, and in the development of sugarcane-specific

mutagenesis tools.
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MGA, Macedo N, Matsuoka S, Reinach FC, Romano E, Silva WJ, Filho MCS, Ulian EC

(2011) Sugarcane (Saccharum X officinarum): A reference study for the regulation of geneti-

cally modified cultivars in Brazil. Trop Plant Biol 4:62–89

188 N. de Setta et al.



Clayton WD, Renvoize SA (1986) Genera graminum. Her Majesty’s Stationery Office, London

Cowan RK, Hoen DR, Schoen DJ, Bureau TE (2005)MUSTANG is a novel family of domesticated

transposase genes found in diverse Angiosperms. Mol Biol Evol 22:2084–2089

D’Hont A and Glaszmann JC (2001) Sugarcane genome analysis with molecular markers: a first

decade of research. International Society of Sugar Cane Technologists. Proceedings of the

XXIV Congress, Brisbane, Australia, pp 556–559

D’Hont A, Grivet L, Feldmann P, Glaszmann JC, Rao S, Berding N (1996) Characterisation of the

double genome structure of modern sugarcane cultivars (Saccharum spp.) by molecular

cytogenetics. Mol Gen Genet 250:405–413

D’Hont A, Ison D, Alix K, Roux C, Glaszmann JC (1998) Determination of basic chromosome

numbers in the genus Saccharum by physical mapping of ribosomal RNA genes. Genome

41:221–225

D’Hont A, Paulet F, Glaszmann JC (2002) Oligoclonal interspecific origin of “North Indian” and

“Chinese” sugarcanes. Chromosome Res 10:253–262

Daniels J, Roach BT (1987) Taxonomy and evolution. In: Heinz DJ (ed) Sugarcane improvement

through breeding. Elsevier, Amsterdam, pp 7–84

de Jesus EM, Cruz EA, Cruz GM, Van Sluys MA (2012) Diversification of hAT transposase

paralogues in the sugarcane genome. Mol Genet Genomics 287:205–219

de Setta N, Cruz G, Cruz E, Gomes K, Campos R, Hotta C, Vilela M, Vincentz M, Vautrin S,

Souza G, Bérgès H, Gaiarsa J, Kitajima J, Van Sluys MA (2011) Sugarcane genome: a

snapshot from 100 sequenced BACs. In: Plant and animal genomes XIX conference, San

Diego, USA

Devos KM (2009) Grass genome organization and evolution. Curr Opin Plant Biol 13:139–145

D’Hont A, Lu AH, Feldmann P, Glaszmann JC (1993) Cytoplasmic diversity in sugar cane

revealed by heterologous probes. Sugar Cane 1:12–15

Diao XM, Lisch D (2006) Mutator transposon in maize andMULEs in the plant genome. Yi Chuan

Xue Bao 33:477–487

Domingues DS, Cruz GMQ, Metcalfe CJ, Nogueira FTS, Vicentini R, Alves CS, Van Sluys MA

(2012) Analysis of plant LTR retrotransposons at the fine-scale family level reveals individual

molecular patterns. BMC Genomics 13:137
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Chapter 11

Helitron Proliferation and Gene-Fragment

Capture

Yubin Li and Hugo K. Dooner

Abstract Helitrons stand out as rare transposons discovered by bioinformatic, rather

than genetic, studies. Although they comprise an ancient superfamily of transposons

found in plants, animals, and fungi, it is in plants where they have been studied most

extensively. Well-annotated plant genomes contain increasingly higher numbers of

identified Helitrons, including putative autonomous elements and nonautonomous

elements with andwithout gene fragments. Themolecular structure of the autonomous

Helitron and the postulated rolling circle mode of transposition remain hypothetical,

and recent evidence suggests thatHelitronsmay transpose by both copy-and-paste and

cut-and-paste mechanisms. Two Helitron properties, in particular, have caught the

imagination of biologists: their ability to undergo sudden bursts of transposition and

their ability to capture fragments from different genes to make chimeric transcripts. In

this chapter, we provide an overview of what we have learned in the past decade about

the biology of these intriguing, newly discovered plant genome residents.

Keywords Helitrons • Transposons • Plants

11.1 Introduction

Transposable elements (TEs) are DNA fragments that can move from one site of the

genome to another. Though ubiquitous in nature, they were first discovered in maize

more than 60 years ago (McClintock 1947). This eventual Nobel-Prize-winning
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discovery began to be acknowledged broadly only three decades later and gained

increasingly wider appreciation in the “omics” era (Craig et al. 2002). Today, TEs are

considered to have played an intrinsic role in genome structure evolution through the

multiple chromosome rearrangements that are brought about by the chromosome

cutting properties noted by McClintock (1952). TEs have been proposed as a major

driving force in the process of gene creation by providing the raw material needed for

the evolution of new gene functions (Dooner and Weil 2012; Feschotte and Pritham

2007) and have turned out to be the major component of most sequenced eukaryotic

genomes (Craig et al. 2002).

At the turn of the twenty-first century, the known classes of TEs (Feschotte et al.

2002) were expanded to include the newly hypothesized Helitron transposable

elements. Unlike Class I elements (retrotransposons) that transpose through RNA,

Class II elements (DNA transposons) transpose through DNA. Helitrons were

postulated to transpose via a hypothetical rolling circle (RC) replication mechanism

(Kapitonov and Jurka 2001) and, therefore, fall into the latter class. A more recent

classification of eukaryotic transposons places them under a special Subclass

2 among DNA transposons (Wicker et al. 2007). In the past decade, a considerable

effort has been made to better understand these elusive TEs from all different

angles. Our goal in this chapter is to summarize our current knowledge about

these DNA transposons in the plant kingdom and to provide a personal view of

further explorations in this emerging field.

11.2 Discovery of Helitrons

Shortly before their discovery as unique eukaryotic transposons,Helitrons had been
described as repetitive sequences in Arabidopsis thaliana, one of the three genomes

analyzed by Kapitonov and Jurka (2001) in their seminal paper. The first such

repeat detected was Aie (Arabidopsis insertion element), a 527-bp element insertion

present downstream of the polyadenylation site of AtRAD51 in the Columbia

ecotype but absent in its Landsberg erecta counterpart (Doutriaux et al. 1998).

Aie is AT-rich, contains no ORFs, has a stem-and-loop sequence on the 30 side
(5 unpaired bases in a 21-bp stem, with a 4-bp loop), and shows some short

duplications around the insertion site. Because it lacked terminal inverted repeats

(TIRs), Aie was taken to be a remnant of an imperfect transposition event, an

interpretation supported by its multicopy presence in the two ecotypes.

Due to their abundance in the genome, elements closely related to Aiewere readily
uncovered in subsequent computational analyses of Arabidopsis repetitive sequences.
AthE1 was the most abundant class of repetitive elements in the A. thaliana 1998

sequence database (Surzycki and Belknap 1999). Although they could be as long as

2 kb, these elements lacked any detectable coding capacity for known transposases.

While the 50 and 30 ends of AthE1 family members were highly conserved, they did

not represent either inverted or direct repeats. Direct repeats flanking transposons,

also known as target site duplications (TSD), are a common feature of
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retrotransposons and DNA transposons. Their absence in AthE1 elements suggested

that these elements differed from most other known transposons in being unable to

recombine into the genome by introducing staggered cuts in the target DNA.

In a comprehensive analysis of potential transposon sequences in chromosome

2 of Arabidopsis, sequences resembling AthE were found to make up 1.1 % of the

chromosome. No detectable TSDs or TIRs flanked these unusual repeats, which

were named ATREP1-10 and classified as ten families of nonautonomous DNA

transposons (Kapitonov and Jurka 1999). Another analysis of transposon diversity

in a much larger Arabidopsis dataset (�17.2 Mb) grouped 179 AthE-like or ATREP-
like elements into seven families based on common structural features and

identified them as members of a novel superfamily of transposons, named Basho,
that moved by an unknown transposition mechanism (Le et al. 2000). A Basho-like
group was also identified in maize, supporting the concept of a new plant transpo-

son superfamily. Completion of the whole genome sequence of Arabidopsis
(Arabidopsis Genome Initiative 2000) revealed the existence of 1,265 Basho
elements. In contrast with the class I elements that primarily occupy the centro-

mere, but consistent with other class II transposons, Basho elements predominate

on the periphery of pericentromeric domains. Novel elements resembling the

structurally unusual Basho elements were also found in rice, suggesting a wide

distribution of these elements in plants (Turcotte et al. 2001). Similar to Basho
elements in Arabidopsis, the rice elements are small (<2 kb), lack coding

capacities, TSDs or TIR, and are highly conserved at both termini. The big

outstanding question after these studies was: by what mechanism does this new

superfamily of transposons multiply and transpose in the host genome?

In 2001, this question was answered hypothetically when Kapitonov and Jurka

(2001) carried out an in silico reconstruction of putative autonomous transposons

from inactive copies accumulated in the three genomes analyzed, Arabidopsis
thaliana, Caenorhabditis elegans, and Oryza sativa. Deletions, insertions, and

premature stop codons were removed from the consensus sequences of the

transposons by computational approaches, in a reconstruction process reminiscent

of that of Sleeping Beauty (Ivics et al. 1997). Finally, rolling circle (RC) replication, a
transposition mechanism until then restricted to prokaryotes, was proposed to explain

movement of this previously unknown category of eukaryotic DNA transposons. The

new elements were designated Helitrons because the protein encoded by the putative
autonomous elements had a conserved DNA helicase domain.

11.3 Genomics of Helitrons

11.3.1 Molecular Structure of Putatively Autonomous
and Nonautonomous Helitrons

Helitrons have been found in every plant genome where they have been carefully

looked for (Table 11.1). As a consequence of their in silico detection, the majority

of Helitrons identified in a given species share distinct structural features with other
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elements in the same species and in closely related species. The putative autono-

mous Helitrons reconstructed from nonautonomous ones in Arabidopsis thaliana
(Helitron1 and Helitron2) and Caenorhabditis elegans (Helitron1_CE) encode a

large protein denominated RepHel that contains a Rep domain homologous to RC

replication initiators and a Hel domain homologous to DNA helicases (Kapitonov

and Jurka 2001). Because the predicted RepHel proteins share motifs with the

transposases of bacterial RC transposons, Helitrons were postulated to transpose

by RC replication. The enzymatic core of the ~100-aa Rep domain contains three

motifs that are conserved in a wide diversity of eukaryotes (Feschotte and Pritham

2007; Kapitonov and Jurka 2007). The larger, ~400-aa Hel domain contains eight

universally conserved motifs in all putative autonomous Helitrons (Fig. 11.1a).

Examples of these conserved motifs are shown in Fig. 11.1d. Conservation of the

RepHel protein has been used as the criterion to identify hypothetical autonomous

Helitrons in all plant host genomes (Table 11.1).

Shorter nonautonomous Helitrons are far more abundant and correspond to the

non-TIR-, non-TSD-containing highly repetitive sequences that were noted earlier

in Arabidopsis and rice. They have been grouped into multiple families based on the

degree of sequence conservation at both 50 and 30 termini (Fig. 11.1b). Most of these

elements are smaller than 2 kb and encode no detectable proteins. Longer elements

with extra protein-coding capacity (Fig. 11.1c) occur in some species. For example,

in Arabidopsis and rice, the putative autonomous Helitrons also encode subunits of
RPA70, a single-stranded-DNA-binding protein. These are absent in C. elegans,
making it unlikely that they are part of the transposition machinery (Kapitonov and

Jurka 2001). Though RPA-like proteins have also been identified in some animal

Helitrons (Feschotte and Pritham 2007; Kapitonov and Jurka 2007), their exact

function remains unknown.

11.3.2 Biological and Computational Identification of Helitrons

Among the dozens of known eukaryotic DNA transposons (Feschotte and Pritham

2007; Kapitonov and Jurka 2008; Wicker et al. 2007), Helitrons stand out as a rare
example of TEs discovered purely by computational, rather than genetic, studies.

Though only recently identified, Helitrons are an ancient superfamily of eukary-

otic DNA transposons, as evidenced by their cross-kingdom presence in plants

(Table 11.1), fungi (Galagan et al. 2005), and animals (Cocca et al. 2011;

Kapitonov and Jurka 2001; Pritham and Feschotte 2007). Helitrons are the only

eukaryotic transposons that lack TIRs, do not generate TSDs upon integration in

the host genome, and do not encode any known transposases. Furthermore, until

their computational discovery, none had been found to be the causative agent of a

mutation. These unusual features delayed their discovery, although Helitrons
resemble other eukaryotic DNA transposons in terms of their impact on the host

genome. Following their discovery, Helitrons have been identified by both

biological and computational approaches.
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Fig. 11.1 Generic structure of identified Helitrons in different eukaryotes. (a) Hypothetical auton-

omousHelitronwith coding capacity for a RepHel protein. Rep (Replication motifs are in green, and
Hel (Helicase motifs are in blue. The conserved 50 TC terminus is shown in light green. The
conserved 30 CTRR terminus is shown in red, with a stem-loop structure formed from a palindromic

sequence in the 30 subterminal region. The insertion is targeted to an AT dinucleotide shown in

lowercase above a blue line representing the flanking sequence. The vast majority of Helitrons are
nonautonomous elements with similar terminal structures as the autonomous copies. (b) Agenic

nonautonomous Helitrons lack any known coding capacity. (c) Genic nonautonomous Helitrons
carry fragments from a variable number of genes in the host genome (yellow, orange, and light blue
boxes). (d) Multiple alignments of the conserved motifs of Rep domain (two-His and KYK and PIF1

helicase domain) in plant Helitrons. At, Arabidopsis thaliana; Bo, Brassica oleracea; Gm, Glycine
max; Ma, Musa acuminata; Mt, Medicago truncatula; Os, Oryza sativa; Pe, Phyllostachys edulis;
Sb, Sorghum bicolor; Zm, Zea mays
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11.3.2.1 Biological Identification of Helitrons

Helitrons have been detected biologically in only a handful of cases, either as

insertional mutagens causing spontaneous mutations (Table 11.2) or as colinearity

disruptors contributing to haplotypic diversity within a species.

Molecular characterization of the spontaneous sh2-7057 mutant allele in maize

(Lal et al. 2003) revealed that the mutation carried a large Helitron insertion in the

11th intron of the sh2 gene. This was the first case to demonstrate the mutagenicity

of Helitron transposons. Though the insertion in this mutant was larger than 12 kb,

it lacked coding capacity for known transposases and, instead, carried several gene

fragments, including four exons with similarity to a plant DEAD box RNA helicase.

The strong terminal sequence similarity of the insertion in the spontaneous

mutation ba1-ref (barren stalk-1) with the Helitron transposon in sh2-7057 led to

the realization that this classical mutation, identified more than three quarters of a

century ago, had been caused by a Helitron insertion. In contrast to the insertion in

sh2-7057, the 6.5 kb Helitron element in ba1-ref inserted in the proximal promoter

region of the ba1 gene (Gupta et al. 2005). Though the 6.5-kb insertion also carried
multiple pseudogene fragments, these differed from those in the Helitron transpo-

son of sh2-7057. The conserved 50 and 30 termini of these Helitrons were found to

be repetitive in the maize genome, suggesting that they play an important role in

Helitron amplification.

More strikingly, three independent ts4 mutations, which develop carpels in the

florets of the tassel, were found to carry Helitron insertions in the promoter of the

zma-MIR172e gene (Chuck et al. 2007). These mutations arose at different times in

different genetic backgrounds. Since only the ends of the insertions were

sequenced, it is not possible to speculate on the relationships among these elements.

However, the similarity in size between the insertions in ts4-TP and ba1-ref (~6 kb)
suggests that the former may also carry gene fragments.

Mutations caused by Helitron insertions have been identified in other plant

genomes, as well (Table 11.2). Hel-It1, the first mutagenic Helitron described in

dicots, interrupts the anthocyanin pigmentation gene DFR-B in the pearly-s mutant

of Ipomoea tricolor (Choi et al. 2007). This 11.5-kb Helitron shows the structure

predicted for a plant autonomous element, with conserved 50 and 30 termini and

genes for Rep/Hel and RPA proteins. A frameshift mutation in the former and a

nonsense mutation in the latter would render this element nonautonomous, but

several related elements are found in the Ipomoea genome. In fact, RPA transcripts

not containing the nonsense mutation of Hel-It1 were detected in the pearly-s
mutant and were proposed to originate from a hypothetical autonomous element

present in that line.

The 30-UTR of genes appeared to be an underrepresented target for Helitron
insertion until a recent study on the S-RNase-based gametophytic self-

incompatibility system in the tetraploid sour cherry (Prunus cerasus). A 306-bp

nonautonomous Helitron element was identified 38 bp downstream of the stop

codon of the SFB gene in four nonfunctional (self-compatible) S36 variants

(Tsukamoto et al. 2010). The vast majority of SFB transcripts in S36 do not have
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a poly (A) tail, suggesting that the presence of the Helitron element interferes with

the polyadenylation process. Helitron elements have also been found associated

with certain S haplotypes in the self-compatible species Arabidopsis thaliana
(Liu et al. 2007; Sherman-Broyles et al. 2007), raising the intriguing prospect that

they may have played a widespread role in the evolution of self-compatibility.

However, further studies are needed to establish conclusively that the Helitron
insertion was the real cause of the loss of function of the S36 variants in sour cherry.

Genome components other than genes, such as DNA transposons, can also be

targeted by Helitrons. In OsES1, a rice homolog of the maize En/Spm transposon, a

1,280-bp nonautonomous Helitron transposon, is located in the seventh intron of

the gene encoding the TnpA transposase (Greco et al. 2005). The Helitron insertion
seems to induce alternative splicing, as do many other transposon insertions in

transcribed regions (Dooner and Weil 2012). Thus, Helitronsmay play a role in the

regulation of the transpositional activity of CACTA elements, the most abundant

superfamily of DNA transposons in rice (Paterson et al. 2009).

Because many maizeHelitrons carry segments of multiple genes, they have been

identified much more frequently as disruptors of genetic colinearity among differ-

ent maize inbred lines (Brunner et al. 2005a, b; Fu and Dooner 2002; Lai et al. 2005;

Morgante et al. 2005; Song and Messing 2003; Wang and Dooner 2006). The so-

called “intraspecific violation of genetic colinearity” (Fu and Dooner 2002) or

“plus–minus variation” (Lai et al. 2005) resulting from Helitron insertions in

maize led to community efforts to achieve a more detailed and precise identification

and annotation of Helitrons (Du et al. 2008, 2009; Yang and Bennetzen 2009a).

This effort was essential to a proper annotation of the actual gene content in the

maize genome (Schnable et al. 2009) because of the gene-fragment-rich property of

the widely prevalent nonautonomous elements (Lal et al. 2009a).

Recently, a maize-type of Helitron transposon was discovered in the Pooideae

grass Lolium perenne (perennial ryegrass). Large (~7.5 kb) Helitron elements were

identified that had trapped fragments, including exons and introns, from three

genes: GIGANTEA (GI), succinate dehydrogenase, and ribosomal protein S7

(Langdon et al. 2009). All three fragmented genes shared the same transcription

orientation as the Helitron elements. Highly similar Helitrons were detected in the

closely related grass species Festuca pratensis (meadow fescue), indicating a likely

common ancestral origin of these elements.

11.3.2.2 Computational Identification of Helitrons in Sequenced Organisms

The vast majority of Helitrons were identified from in silico studies of sequenced

genomes either manually or via investigator-designed ad hoc mining programs,

such as DomainOrganizer (Tempel et al. 2006), HelitronFinder (Du et al. 2008,

2009),HelSearch (Yang and Bennetzen 2009b), andHelitron_scan (Feschotte et al.
2009). The contribution of Helitrons to plant genomes varies widely, from none to

as high as ~7 %. However, determining an exact figure for the Helitron content of

any given host genome is chancy. Due to the extremely limited sequence
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conservation among Helitrons, it is not surprising to find quite different figures

in updated versions of the same genome sequence (e.g., Du et al. 2010; Schmutz

et al. 2010).

The published programs for automated computational identification and classi-

fication of Helitrons utilize either a homology-based or a structure-based approach.

The latter approach (Du et al. 2008; Yang and Bennetzen 2009b) has been applied

only recently in the analysis of whole genomes (Du et al. 2009, 2010; Yang and

Bennetzen 2009a).

Initially, the homology-based approach was used to compare sequences at both

the nucleotide and amino acid levels, as demonstrated by Kapitonov and Jurka

(2001) in their original paper. Helitron-like transposons in rice were classified as

Helitrons based on their capacity to code for proteins homologous to Rep/helicase

and RPA (Kapitonov and Jurka 2001) and their shared structure hallmarks with

Arabidopsis Helitrons (AT insertion site, 50-TC, and 30-CTRR and the 15- to

20-nucleotide palindrome close to the 30-end). In an analogous approach, 21

Helitron elements were identified in the model legume Lotus japonicus by using

as queries the RC motif and domain-5 of the RepHelicase from Arabidopsis

Helitrons. Altogether, Helitron elements made up 0.4 % of the 32.4 Mb examined

sequences (Holligan et al. 2006).

Novel Helitrons were also identified by nucleotide similarity to whole Helitron
elements or to just the termini (Du et al. 2008, 2009; Kapitonov and Jurka 2001;

Sweredoski et al. 2008; Tempel et al. 2007; Yang and Bennetzen 2009a, b). Other

prevalent criteria implemented in genome-wide annotations of Helitron trans-

posons include nonallelic locations in a given host genome and presence/absence

of polymorphisms revealed from vertical comparison of colinear regions in closely

related genomes (Wicker et al. 2010).

In addition to the two model plant genomes where Helitrons were originally

identified, Helitrons have been detected in many other flowering and nonflowering

plants. Paralleling the 20-fold variation in genome size, Helitron content varies

from 0.01 % in grape to 6.72 % in the latest annotation of the Arabidopsis thaliana
genome (Table 11.1). The estimated contribution of Helitron elements to a particu-

lar host genome also varies in different databases analyzed by different researchers,

as seen Arabidopsis thaliana, rice, sorghum, and soybean.

Helitrons are poorly conserved among species, even of the same genus; this has

made it hard to determine their presence systematically. Nevertheless, comparisons

of the Helitron content of closely related species have been carried out in

Arabidopsis and rice. The former involved the whole genomes of A. thaliana and

A. lyrata (Hollister et al. 2011) and the latter, the partial genomes of 13 Oryza
species (Gill et al. 2010).

As shown in a recent study on TE evolutionary dynamics in Arabidopsis
employing the powerful transposon display method, Basho Helitrons were

amplifiable in A. thaliana but were apparently absent from A. lyrata. This led to

the suggestion of a recent burst of Basho insertions specifically within A. thaliana
(Lockton and Gaut 2010). However, a subsequent sequence annotation effort

revealed that Helitrons are actually the most abundant TEs in the fully sequenced

A. lyrata genome (Hollister et al. 2011).
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In an attempt to examine the relative abundance and distribution of TE classes

across the genus Oryza, DNA transposons were identified by homology-based

searches of BAC-end sequences from 13 species representing 8–17 % of each of

the ten Oryza genome types. The Helitron content in the genus was found to vary

greatly, from 0.29 % in O. australiensis to 3.15 % inO. glaberrima (Gill et al. 2010).
The identification of Helitrons from newly sequenced genomes remains a chal-

lenging endeavor despite the availability of several refined programs for detecting

them. As shown in Table 11.1, Helitron-related sequences make up as much as 1.6 %

of the Selaginella genome (Banks et al. 2011), but less than 0.2 % of the

Brachypodium (International Brachypodium Initiative 2010) and Physcomitrella
(Rensing et al. 2008) genomes. The lesson learned from other genomes, such as

sorghum, suggests that the Helitron content of the latter two genomes will increase

upon future careful annotation.

Glimpses of ongoing sequencing projects reveal that Helitrons are major

components of some other plant genomes, as they are in sequenced model genomes.

For example,Helitron transposons constitute ~1 % of 1.2 Mb of sequences from the

tetraploid moso bamboo (Phyllostachys pubescens E. Mazel ex H. de Leh.)

(Gui et al. 2010). In wheat (Triticum aestivum), 3,222 TEs have been annotated

in 18.2 Mb of sequence from chromosome 3B. Only five families of agenic

nonautonomous Helitrons were identified, representing just 0.07 % of the genomic

sample sequences, in contrast to the 81.4 % contribution from all other TEs

(Choulet et al. 2010). The only Helitron found so far in barley (Scherrer et al.

2005) is present in about 20–30 copies in the genome, based on 574 Mb of high-

throughput sequences representing about 10 % of a genome equivalent (Wicker

et al. 2008). Very recently, a putative Helitron sequence was first reported in

sunflower and its insertion was dated to 1.14 million years ago (Buti et al. 2011).

In spite of the ever-growing numbers of identified Helitrons in newly sequenced
genomes, a much more careful characterization of Helitron composition is neces-

sary for sequenced plant genomes where Helitrons have not been yet identified,

such as Carica papaya (Ming et al. 2008), Cucumis sativus (Huang et al. 2009), and
Solanum tuberosum (The Potato Genome Sequencing Consortium 2011). Given the

ubiquitous presence of these elements in all carefully annotated plant genomes,

Helitron-free plant genomes are unlikely to exist.

11.3.3 Coding Capacity

The structure of the hypothetical autonomous Helitron proposed by Kapitonov and

Jurka (2001) is fairly sound since elements with a similar structure continue to be

found in an increasing number of genomes (Choi et al. 2007; Morgante et al. 2005).

However, all of the Helitrons identified so far are nonautonomous and, oftentimes,

bear gene fragments coding for proteins other than the REP-HEL transposase

proposed for the RC transposition of Helitrons (Brunner et al. 2005a, b; Gupta

et al. 2005; Lai et al. 2005; Lal et al. 2003; Morgante et al. 2005; Wang and Dooner

2006; Xu and Messing 2006).
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In maize, two research groups have scanned the nearly complete genome

sequence using similar computational approaches (Du et al. 2009; Yang and

Bennetzen 2009a) and concluded that the majority of the ~2,000 genic Helitrons
identified carried fragments from genes located in different chromosomes, with a

few exceptions coming from neighboring genes. The tendency ofHelitrons to gene-
fragment capture seen in maize may be not a general property of plant Helitrons.
For instance, in A. thaliana, very fewHelitron families were found to have acquired

gene fragments (Hollister and Gaut 2007; Yang and Bennetzen 2009b). A similar

low propensity to capture genes was found among Helitrons from rice, sorghum,

and Medicago (Yang and Bennetzen 2009b).

As is the case with most other transposon superfamilies (Levin and Moran

2011), small RNAs generated from endogenous Helitron sequences have the

potential to inhibit TE mobility through the posttranscriptional degradation of

transposon mRNA. As recently reported in Physcomitrella patens, 6 % of the

nucleotides within 48 23-nucleotide RNA loci overlapped with regions similar to

Helitron elements, which make up just 0.12 % of the genome (Cho et al. 2008).

11.3.4 Target Preference

The insertion site preference of Helitron transposons has been analyzed at the

nucleotide level (target site sequence specificity), gene level (coding capacity of

target sequence), and genome level (chromosomal distribution).

PlantHelitrons insert almost invariably in a 50-AT-30 dinucleotide (Brunner et al.
2005a, b; Choi et al. 2007; Gupta et al. 2005; Kapitonov and Jurka 2001; Lai et al.

2005; Lal et al. 2003; Morgante et al. 2005; Wang and Dooner 2006; Xu and

Messing 2006) and, exceptionally, in a 50-NT-30 dinucleotide (Du et al. 2008, 2009;
Morgante et al. 2005; Yang and Bennetzen 2009a). In addition, plant Helitron
insertion sites are notably AT-enriched on either side of the insertion (Du et al.

2009; Yang and Bennetzen 2009a).

The discovery over the last decade that Helitron insertions have been the cause

of spontaneous mutations in several plant species would suggest that Helitrons
target genic regions (see Table 11.2), at least in these host genomes. Supporting this

inference, maize Helitrons were found to be most abundant in gene-rich regions

across the genome (Du et al. 2009; Yang and Bennetzen 2009a). However, this may

not be a general pattern in plants.

In Arabidopsis, for example, Helitrons are enriched in gene-poor pericentromeric

regions (Yang and Bennetzen 2009b), thus showing a pattern opposite to that of other

DNA transposons, which are frequently associated with gene-rich regions. However,

in a different study that compared the proximity of transposons of different ages to

genes in A. thaliana,Helitrons, and other recently active TE families, such as MITEs,

tended to be closer to genes than ancient families, such as CACTA-like elements

(Hollister and Gaut 2009). Moreover, nonautonomous Helitrons, many as small

as MITEs, were unmethylated in higher proportions than most other TE families.
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These observations were explained by a model in which host silencing of TEs near

genes has deleterious effects on neighboring gene expression, resulting in the prefer-

ential loss of methylated TEs from gene-rich chromosomal regions.

In rice, Helitron elements are more scattered along the chromosomes and not

enriched in all pericentromeric regions (Yang and Bennetzen 2009b). As with other

TEs, the distribution of Helitrons in present-day genomes probably reflects a

combination of factors, such as continued mobility, insertion specificity, purifying

selection against insertion in genes, and rates of DNA removal in gene-poor

heterochromatic regions.

11.3.5 Differential Amplification and Contribution
to Host Genome

The variable patterns ofHelitron accumulation in sequenced plant genomes suggest

different dynamics of Helitron proliferation across species and differential

contributions to the present structure of their host genomes.

Helitrons make up a wide fraction of the plant genomes sequenced so far, from

barely detectable to as much as 1/16 (Table 11.1). As has been well documented,

TE proliferation and polyploidization are the two major processes that increase

plant genome size (Bennetzen 2005). Cornucopious, the most abundant Helitron
transposon subfamily in maize, consists of thousands of copies of ~1-kb agenic

elements with variable sequence identity to the consensus (Du et al. 2009). These

relatively small maize Helitrons may be actively transposing after a recent escape

from transposition suppression, like the mPing MITEs suddenly amplified during

rice domestication (Naito et al. 2006), whereas the amplification of the vast

majority of Helitron families in maize, rice, and Sorghum peaked about 0.25

million years ago (Yang and Bennetzen 2009a).

In the recent annotation of the A. thaliana genome (Ahmed et al. 2011),

Helitron-related sequences made up 6.7 % of the genome, more than the sum of

all other DNA transposons (Table 11.1). In agreement with earlier results (Hollister

and Gaut 2009), elements from the Helitron and Tc1/mariner superfamilies had the

highest proportion of unmethylated sequences, whereas those from the Gypsy and
CACTA superfamilies had the lowest.

As with Helitron content, different numbers of Helitron families have been

identified the same organism (Table 11.1). In general, Helitrons with a smaller

size tend to be amplified to a high degree (Ahmed et al. 2011; Du et al. 2009;

Hollister and Gaut 2007). And, as noted in Arabidopsis and maize, longer Helitrons
are less likely to persist in the genome (Hollister and Gaut 2007; Yang and

Bennetzen 2009a), presumably because they are selected against in order to avoid

the deleterious effects of inter Helitron ectopic recombination. However, other

explanations may be possible because no recombination was detected within the

heavily methylated gene fragments borne on maize Helitrons in a large-scale

experiment specifically designed for that purpose (He and Dooner 2009).
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In addition to their effect on genome size through massive amplification of

agenic families, Helitrons contribute to haplotype variability through transposition

and chromosome rearrangements (Ahmed et al. 2011; Brunner et al. 2005a; Lai

et al. 2005; Morgante et al. 2005; Wang and Dooner 2006). The mechanism of gene

movement that results in the erosion of colinearity between closely related species

was recently investigated in a three-way comparison of the Brachypodium, rice, and
sorghum genomes (Wicker et al. 2010). Gene capture by TEs, including Helitrons,
was not found to have contributed significantly to gene movements within the grass

family. On the other hand, TEs of many superfamilies, including Helitrons, were
found at the borders of the noncolinear (i.e., mobilized) regions, suggesting that

repair of TE-induced double strand breaks through synthesis-dependent strand

annealing (SDSA) may have been involved in the change of position of genes in

related genomes.

11.4 The Genetics of Helitrons

Being a member of the rare group of transposons that have been discovered

computationally (Feschotte and Pritham 2007), it is not surprising that Helitron
genetics trails its genomics. Yet, a genetic approach will be needed to identify a

functional autonomous Helitron transposon, discern the actual mode(s) of transpo-

sition, assess the regulation of and by captured gene fragments, and elucidate other

aspects of basic Helitron biology.

11.4.1 Transposition Mechanism: Rolling Circle
and/or Cut-and-Paste?

A rolling circle replication mechanism has been proposed for the amplification of

this novel class of transposons (Kapitonov and Jurka 2001). The putative autono-

mous Helitrons from the three genomes originally examined shared two conserved

domains: the cross-kingdom DNA helicase domain and the replicator initiator

proteins of RC plasmids and certain ssDNA viruses (Fig. 11.1a). Though still a

hypothetical mechanism, RC replication is supported by the conserved structure

of putative autonomous copies from several sequenced model plant genomes

(Table 11.1).

The genome-wide distribution of Helitron elements favors a dispersive trans-

position model, although occasional Helitron clusters have been reported in some

plant genomes (Lai et al. 2005; Yang and Bennetzen 2009a). Some peculiar head-

to-head, head-to-tail, and tail-to-tail Helitron configurations have been identified in
the maize genome (Du et al. 2008; Yang and Bennetzen 2009a), but they are

composed of dissimilar Helitrons with similar terminal sequences, which differ
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from the perfect head-to-tail Helitron configurations expected from a RC replica-

tion mechanism and, so far, found only in the Myotis lucifugus genome (Pritham

and Feschotte 2007).

As discussed in Sect. 11.3.5, Helitrons have contributed to the frequent loss of

genetic colinearity in related plant genomes. Many recently duplicated fragments in

the grasses are bordered by transposable elements (TEs), including Helitrons
(Wicker et al. 2010). Other chromosomal rearrangements, such as inversions, are

also oftentimes associated with Helitron transposons. Of the 154 inversions

identified between Arabidopsis thaliana and Arabidopsis lyrata, one-third are

flanked by inverted repeats from Helitron elements (Hu et al. 2011).

In addition to RC replication, a Helitron cut-and-paste transposition mechanism,

like the one used by most known DNA transposons, was recently proposed. Li and

Dooner (2009) found that, unexpectedly, some maize Helitrons could excise

somatically. The somatic excision products or footprints left by removal of a 6-kb

Helitron consisted of a variable number of TA repeats at the prior insertion site, an

unlikely consequence of a RC replication mechanism. Somatic excision products

were also detected from other genic and agenic Helitron elements (Du et al. 2008;

Li and Dooner 2009). This finding suggests that, like Tn7 (Craig 2002) andMutator
(Walbot and Rudenko 2002), Helitrons may exhibit both replicative and excisive

modes of transposition.

11.4.2 Gene Capture

Transduplication or the capture of host gene sequences, first reported for Mutator
elements (Jiang et al. 2004; Talbert and Chandler 1988), is a common feature of

several families of plant transposons (Dooner and Weil 2007). However, Helitrons
may contribute the largest portion of transduplicated sequences in some plant

genomes, like maize (Brunner et al. 2005b; Du et al. 2009; Lai et al. 2005;

Morgante et al. 2005; Wicker et al. 2010; Yang and Bennetzen 2009a, b).

In contrast to the broad-spectrum of captured genes in maize, only a few genes

have been captured by Helitrons in A. thaliana (Hollister and Gaut 2007; Yang and
Bennetzen 2009b). Gene-capture by Helitrons is also a rare event in Medicago,
Brachypodium, sorghum, and rice (Fan et al. 2008; Wicker et al. 2010; Yang and

Bennetzen 2009b). No correlation has been found between the transcriptional

orientation of the captured gene fragments and the orientation of the TE in which

they are lodged. In fact, some Helitrons contain multiple genes with opposite

transcriptional orientations (Lai et al. 2005; Lal et al. 2003; Wang and Dooner

2006; Wicker et al. 2010).

In spite of the well-documented transcriptional activities of genes captured by

Helitrons from different plant species (Brunner et al. 2005b; Lai et al. 2005; Lal

et al. 2003; Morgante et al. 2005 and see Sect. 11.4.3), no cases of functional full-

length gene capture by Helitron elements have been reported. Although an almost
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intact cytidine deaminase gene missing only the first six amino acids was found

embedded in a maize Helitron, no transcripts corresponding to it were detected in

any tissue examined (Xu and Messing 2006).

The capture of gene fragments from various genomic locations by the same

Helitron may give rise to complex networks regulating the donor genes (Brunner

et al. 2005b; Lai et al. 2005). The extent to which the host genome could benefit

from these potentially deleterious effects (Du et al. 2009) is unclear.

11.4.3 Coevolution with the Host Genome

The potential role of Helitrons and other TEs in gene creation in plants has been

recently reviewed by Dooner and Weil (2012).

Gene fragments captured by Helitrons originate from nonadjacent loci in the

genome, yet they tend to be in the same transcriptional orientation relative to each

other and to theHelitron’s RepHel gene. A large collection of gene-fragment-bearing

Helitrons in maize show a notable bias in the orientation of gene fragments that is

compatible with Helitron promoter-driven expression (Du et al. 2009; Yang and

Bennetzen 2009a). Several chimeric transcripts containing exons from different

genes (“exon shuffling”) have been detected for maize Helitrons (Brunner et al.

2005b; Lai et al. 2005; Morgante et al. 2005). Though many of these transcripts

contain premature stop codons in all reading frames and are unlikely to encode

functional proteins immediately, Helitrons could have contributed to gene creation

over evolutionary time (Brunner et al. 2005b). Expression of chimeric transcripts

can also be driven by the promoter of the disrupted gene, rather than by a Helitron
promoter. In maize, chimeric transcripts derived from genes captured by the

inserted Helitron in the sh2-7057 mutant are produced from the sh2 promoter

(Lal et al. 2003), rather than from a Helitron promoter.

The idea that TEs have been co-opted by the host as regulatory sequences

has received considerable experimental support. Many cis-regulatory elements

involved in transcriptional regulation have characteristics of TEs and some of them

areHelitrons. For example, theCArGmotif essential for the transcriptional activation

of LEAFY COTYLEDON2 (LEC2), a master regulator of seed development in

A. thaliana, is located at the beginning of a Helitron element (Helitron3). This and
other TE insertions located in the promoter region of LEC2were speculated to control
the gene’s specific expression pattern (Berger et al. 2011).

TE sequences are also found in transcripts, where they may play an unsuspected

regulatory role. In Arabidopsis thaliana, more than 2,000 putative TE-gene

chimeras, where a TE is found in at least one expressed exon, have been identified

and compared to all TEs in a TE database (Lockton and Gaut 2009). Helitron-like
sequences were strikingly underrepresented (2.4 %) in exons, contrasting with the

high abundance (~20 %) of all other TEs. A similar pattern was found for the

specific targets of the MOM1 (MORPHEUS’ MOLECULE1) regulator of tran-

scriptional gene silencing in Arabidopsis (Numa et al. 2010). The majority of
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MOM1 targets carry sequences related to TEs of both classes and are clustered at

pericentromeric regions, suggesting thatMOM1 acts on regions of heterochromatin

in the genome. Helitron remnants, on the other hand, were significantly underrep-

resented among MOM1-regulated transcripts. The authors suggested that, because

Helitrons target active genes undergoing transcription, their low frequency among

MOM1-target sequences may reflect exclusion of MOM1 from active chromatin

environments. As major contributors to the evolution of plant genomes, more in-

depth analyses are required to decipher the contributions of TEs to annotated

protein-coding regions, an essentially unexplored field (Lal et al. 2009b).

11.4.4 Epigenetic Regulation

There is growing evidence that the proliferation of TEs in plants is under epigenetic

regulation and that their biological properties are strongly affected by cycles of

methylation and demethylation (Lisch 2009).

The past couple of years have seen a considerable increase in experimental data,

mainly from Arabidopsis, on the methylation status of TEs. As shown in two earlier

bisulfite sequencing studies (Gehring et al. 2006; He and Dooner 2009), Helitrons
are heavily methylated at CG sites. In the first study, a Helitron inserted 4 kb

upstream of the start site of the Arabidopsis MEDEA gene was heavily methylated,

yet did not contribute to the allele-specific DNA hypomethylation in the endosperm

(Gehring et al. 2006). In the second study, two maize Helitrons shown to be

nonrecombinogenic despite the presence of multiple gene fragments were much

more methylated than the adjacent recombinogenic gene-rich region (He and

Dooner 2009).

Transcriptional reactivation of TEs in the mature pollen of Arabidopsis has been
detected in microarray assays of TE expression profiles during development

(Slotkin et al. 2009). In most tissues and stages, the ORFs of Helitron2 and six

other full-length TEs (including retrotransposons and DNA transposons) were

either not expressed or expressed at a very low level, indicating that they are

generally silenced. However, all seven full-length TEs examined were coordinately

expressed in mature pollen. TE expression coincides with loss of DNA methylation

and downregulation of the chromatin remodeler DDM1.
A recent study analyzed the contribution of TEs and small RNAs to gene

expression variation in A. thaliana and A. lyrata, a closely related congener with a

two to threefold higher copy number for every TE family examined, including

Helitrons (Hollister et al. 2011). Reassessment of the TE content in the two species

revealed that, unexpectedly, Helitrons were the highest copy number DNA

transposons in both (Table 11.1). The 24-nt siRNA complements from the two

species were compared in order to address the possible role of siRNA-guided

transcriptional gene silencing in differential TE proliferation. Helitrons were found
to be less often targeted by unique 24-nt siRNAs in A. lyrata than in A. thaliana,
possibly explaining their higher copy number in the former. An almost concurrent

reanalysis of DNA methylation, siRNA, and TE datasets from Arabidopsis thaliana
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concluded that Helitrons actually contribute ~7 % of the annotated genome

(Table 11.1) and, along with the Tc1/mariner superfamily, have the largest fraction

(40–50 %) of unmethylated TE sequences (Ahmed et al. 2011).

Around a dozen Arabidopsis genes are imprinted, i.e., expressed in a parent-of-

origin-dependent manner in the endosperm during seed development (Kermicle

1970). In a couple of cases, Helitron insertions have been implicated in imprinting.

In a study on the association of TE methylation with gene imprinting during seed

development in A. thaliana, TE fragments were found to be extensively demethylated

in the endosperm (Gehring et al. 2009). Two imprinted members of the class IV

homeodomain transcription factors contain remnants of Helitron elements at the

50end. Although these genes showed reciprocal imprinting, i.e., predominant expres-

sion of the maternal allele in one and of the paternal allele in the other, methylation of

the Helitron remnants was lost from the maternal alleles in both cases. Other

imprinted genes are also neighbored by TEs. AGL36, a maternally expressed gene,

contains remnants of Helitrons and other TE sequences within a 1.7-kb promoter

fragment that is sufficient to confer parent-of-origin-specific expression of a reporter

(Shirzadi et al. 2011). Paternally expressed genes, as well, are enriched for cis-

proximal transposons, particularly for Helitrons (Wolff et al. 2011). It has been

proposed that imprinting may have evolved from targeted methylation of TE

insertions near genes followed by positive selection when the resulting expression

change was advantageous (Gehring et al. 2009).

Whether a TE can exert a regulatory effect on a nearby gene obviously depends

on the distance between the transposon and the gene. A methylated AtREP2
Helitron inserted 3.8 kb upstream of the imprinted MEA gene in the Col-0 and

Ler-0 ecotypes of Arabidopsis thaliana was considered a candidate for imprinting

control elements until ecotypes were found where MEA was still imprinted, though

they lacked the upstream Helitron (Spillane et al. 2004). In a recent study relating

gene expression to distance from the nearest TE in A. thaliana, average gene

expression increased with distance up to about 2.5 kb (Hollister et al. 2011).

11.5 Perspective

The huge number of annotated Helitron transposons in plant genomes, including

both putative autonomous elements and nonautonomous elements with and without

gene fragments (Table 11.1), represents only the tip of the iceberg.

The molecular structure of the autonomous Helitron and the RC mechanism of

transposition (Kapitonov and Jurka 2001) remain hypothetical, but are supported,

respectively, by the conservation of structure of the putative autonomous element

across evolutionarily widely divergent species and the identification of occasional

head-to-tail configurations that make RC replication a credible transposition mech-

anism. Whether the RepHel protein is necessary and/or sufficient for RC transposi-

tion needs to be confirmed experimentally. The discovery of Helitron somatic

excision products in maize (Li and Dooner 2009) suggests that Helitrons may

transpose by both copy-and-paste and cut-and-paste mechanisms.
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As is evident from successive sequence annotations of the same genome, determi-

nation of the overall Helitron contents in a given genome is a challenging and

uncertain exercise (Feschotte and Pritham 2009). The conserved sequence and

structure of the 30 end of knownHelitrons has served as the basis for the development

of a number of ad hoc programs for specific genome-wide surveys of this highly

divergent family of transposons. However, their cross-species applications are still

not efficient in identifying Helitrons in new species and novel programs, possibly

based on the recognition of conserved nucleotide patterns, are desirable for the

efficient de novo identification of Helitrons from all genome sequencing projects.

Only a few cases of gene-fragment-bearing Helitrons have been identified in

plants other than maize. The high frequency of gene fragment capture by maize

Helitrons is enigmatic, but it has been suggested to result from a RepHel enzyme

with a different replication/repair fidelity (Yang and Bennetzen 2009b). The iden-

tification and characterization of an autonomous Helitron in maize would be highly

desirable because maize is an excellent experimental genetic system and has

currently active elements, as is evident from several recently arisen mutations

(Table 11.2).

The dynamic evolution of Helitron is best exemplified by the discovery in maize

of a new group of Helitron-like sequences, designated Heltir, which end in perfect

37-bp TIRs (Du et al. 2009). The sequence variability of Helitrons and the presence
in the genome of other forms, like Heltirs, complicate the accurate estimation of the

contribution of this transposon superfamily to plant genomes.
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Chapter 12

Transposable Element Exaptation in Plants

Douglas R. Hoen and Thomas E. Bureau

Abstract While evolution is often understood exclusively in terms of adaptation,

innovation often begins when a feature adapted for one function is co-opted for a

different purpose, such aswhen feathers originally adapted for insulation became used

for flight. Co-opted features are called exaptations. Transposable elements are often

viewed as molecular parasites, yet they are frequently the source of evolutionary

innovation. One way in which transposable elements contribute to evolution is that

their sequences can be co-opted to perform phenotypically beneficial functions.

Transposable element gene exaptations have contributed to major innovations such

as the vertebrate adaptive immune system and the mammalian placenta. They also

often become transcription factors, and transposable element-derived transcription

factor binding sites can form new regulatory networks. In this chapter, we review

transposable element coding sequence exaptations in plants.

Keywords Transposable elements • Mobile elements • Transposons •

Transposases • Retrotransposons • Molecular domestication • Exaptation •

Evolutionary innovation • Gene expression • Transcription factors • Regulatory

networks

Abbreviations

CCA1 Circadian clock-associated 1

CENP-B Centromere-associated protein B

dsRNA Double-stranded RNA

DTE Domesticated transposable element

D.R. Hoen (*) • T.E. Bureau

Department of Biology, McGill University, 1205 du Docteur-Penfield Avenue, Montreal,

QC, Canada H3A 1B1

e-mail: douglas.hoen@mcgill.ca; thomas.bureau@mcgill.ca

M.-A. Grandbastien and J.M. Casacuberta (eds.), Plant Transposable Elements,
Topics in Current Genetics 24, DOI 10.1007/978-3-642-31842-9_12,
# Springer-Verlag Berlin Heidelberg 2012

219

mailto:douglas.hoen@mcgill.ca
mailto:thomas.bureau@mcgill.ca


ELF4 Early flowering 4

En/Spm Enhancer/Suppressor mutator
FBS FHY3/FAR1 binding site

FHL FHY1-like

FHY1 Far-red elongated hypocotyl 1

FHY3 Far-red elongated hypocotyl 3

FRS FAR1-related sequence

hAT hobo/Ac/Tam
HY5 Long hypocotyl 5

miRNA microRNA

MIR microRNA gene

MITE Miniature inverted-repeat transposable element

MUG MUSTANG

Muk Mu killer locus

MULE Mutator-like element

PB1 Phox and Bem1

PHY Phytochrome

PIL5 Phytochrome interacting factor 3-like 5

sRNA small RNA

TE Transposable element

TF Transcription factor

12.1 Introduction

When Barbara McClintock first discovered transposable elements (TEs), she

immediately recognized their potential importance in gene regulation and genome

evolution (McClintock 1950). But the discovery that TEs replicate within the

genome led to their characterization as selfish (Doolittle and Sapienza 1980)

parasitic (Orgel and Crick 1980; Hickey 1982) junk (Ohno 1972). We have since

learned that TEs are diverse, abundant, and ubiquitous (Feschotte and Pritham

2007; Wicker et al. 2007; Pritham 2009; Aziz et al. 2010; Levin and Moran

2011) and that they contribute to numerous aspects of eukaryotic genome structure,

function, and evolution (Table 12.1). Despite this, it remains common to view TEs

as molecular parasites (Kidwell and Lisch 2001; Rose and Oakley 2007; Malone

and Hannon 2009; Obbard et al. 2009). This stems from an explanatory framework

in which evolution is understood exclusively through adaptationist arguments

(Gould and Lewontin 1979). Since TEs may persist in the short term without

contributing beneficial phenotypes, the argument goes, that is the “reason” they

exist, and any beneficial effects that do happen to come about are therefore

incidental (Werren 2011). An alternative view is that self-replication may not

fully account for TE ubiquity and abundance. If TEs are able to produce mutations

that are important to adaptation, then this ability itself may increase the long-term

evolutionary success of TEs. That is, not only may the specific mutations produced

by TEs be selected, but at least in certain situations, such as during rapid environ-

mental change, mutability itself may be selected (McClintock 1984; King and

Kashi 2007; Le Rouzic et al. 2007; Zeh et al. 2009; Biémont 2010).
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A narrow focus exclusively on immediate adaptation fails to satisfactorily

explain the origin of many important traits. Darwin (1876) himself emphasized

that gradual adaptation alone does not account for the incipient stages of many

useful structures, but rather that changes in function, such as swim bladders

becoming lungs when fish colonized land, are often at the root of innovation.

Gould and Vrba (1982) proposed that adaptive features originally built by natural

selection for one role, or even nonadaptive features, that have since been co-opted

for a new role, be called exaptations. Instead of parasites, TEs might better be

viewed as exaptation engines. Broadly speaking, many of the aforementioned

contributions of TEs to organismal evolution may be considered exaptations, albeit

nonspecific or indirect. Indeed, any feature evolved at one level of selection (e.g.,

TE self-replicative selection; see below) that produces a beneficial effect at another

level of selection (e.g., organismal phenotypic selection) is an exaptation (Gould

and Lloyd 1999). More narrowly, the genetic constituents (i.e., sequences) of TEs,

such as genes, binding sites, and terminal repeats, can be directly exapted for

specific phenotypic functions in the organism.

These specific, direct exaptations of TE sequences, which we refer to simply as

TE exaptations, and especially protein-coding TE exaptations in plants, are the

topic of this chapter. We begin by describing the first exapted TE genes to be

discovered, the Drosophila P neogenes, to provide not only an historical

Table 12.1 Contribution of TEs to eukaryotic genome structure, function, and evolution

Type of contribution Examples References

Genome structure Parisod et al. (2010)

Genome size Agren and Wright (2011)

Chromatin organization Lunyak and Atallah (2011)

Genome maintenance DNA repair Cordaux and Batzer (2009)

Centromere maintenance Lisch (2009)

Telomere maintenance Pardue and DeBaryshe (2011)

Generation of variation Kidwell and Lisch (2001)

Chromosomal

rearrangement

Feschotte and Pritham (2007)

Copy number variation Conrad et al. (2010)

Structural variation Xing et al. (2009)

Somatic variation Levin and Moran (2011)

Allelic recombination Gaut et al. (2007)

Ectopic recombination Ponting et al. (2011)

Evolutionary innovation Gene duplication Flagel and Wendel (2009)

Novel regulatory networks Feschotte (2008)

Epigenetic regulation Weil and Martienssen (2008), Lisch

(2009)

Origin of sex Hickey (1982), Rose and Oakley (2007)

Origin of dedicated germ

line

Johnson (2008)

Response to stress McClintock (1984), Lisch (2009)

Speciation Rebollo et al. (2010)
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perspective but also more importantly an illustration of the evolutionary forces

underlying TE exaptation. We explore these forces by developing a model of the

process. We then turn to plants, describing in detail the first known and best

characterized exapted plant TEs, the FHY3 family. We then review the other

confirmed exapted plant TE families, briefly examine other types of TE exaptation,

such as chimerization, exonization, and noncoding exaptation, and lastly discuss

the significance of TE exaptation for regulatory evolution. For additional

perspectives, we highly recommend, in addition to others cited throughout the

chapter, the following excellent reviews: Volff (2006), Dooner and Weil (2007),

Feschotte and Pritham (2007), Feschotte (2008), Sinzelle et al. (2009), and

Hua-Van et al. (2011).

12.2 Discovery of Molecular Domestication

Drosophila P elements were among the first TEs to be extensively characterized

(Biémont 2010) and produced the first TE exaptations to be discovered. Like other

Drosophila TEs (Sánchez-Gracia et al. 2005), P elements frequently move between

species (Daniels et al. 1990), an evolutionary strategy called horizontal transfer that

is common among DNA transposons (Diao et al. 2005; Schaack et al. 2010).

P elements recently horizontally transferred from D. willistoni to D. melanogaster
(Daniels et al. 1990; Pinsker et al. 2001). Crosses between D. melanogaster males

carrying autonomous P elements and females lacking P elements lead to TE

activation and decreased fitness. The resultant syndrome, hybrid dysgenesis,

sexually isolates strains carrying P elements from naive strains lacking P elements,

a genetic barrier that may contribute to speciation (Kidwell et al. 1977).

Drosophila P element families consist of a few autonomous elements and many

nonautonomous elements. Autonomous P elements produce a complete 88-kDa

protein that catalyzes transposition in the germ line. In somatic cells, differential

splicing produces a truncated 66-kDa isoform that may repress transposition (Rio

1990). These truncated “P repressors” retain the N-terminal DNA-binding domain

but lack the C-terminal domain required for TE excision and may induce repression

by binding to a specific subterminal P element motif, blocking the promoter and

preventing transcription and normal P transposase activity (Kaufman et al. 1989).

Some nonautonomous P elements encode similar truncated products that may act as

repressors (Miller et al. 1997). However, although P repressor proteins were

initially proposed to explain P element somatic silencing, it has more recently

been shown that silencing is predominantly mediated by small interfering RNAs

(Brennecke et al. 2007; Khurana et al. 2011).

Unlike D. melanogaster, which has dozens of autonomous P elements (Daniels

et al. 1990), species in theD. obscura group have only a few P-like genes. Although
these genes are similar to truncated repressors, they are not flanked by P terminal

sequences, are not mobile, and are arranged in a complex locus that is orthologous

in the genomes of D. guanche, D. subobscura, and D. madeirensis. These are not
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decayed TE fossils, but instead have three undisrupted exons and conserved

intronic splice signals, are highly similar between species, and are transcribed

(Paricio et al. 1991; Miller et al. 1992). Thus, these P homologs are neither

functional transposases, nor TE fossils, but are neogenes that must have been

immobilized in a common ancestor of the three obscura species, exapted to perform
a non-transposition function, and thereafter conserved by phenotypic selection

(Miller et al. 1999). Miller et al. (1992) termed this process of TE gene exaptation

molecular domestication. We refer to exapted TE genes as domesticated

transposable elements (DTEs).

P elements were also domesticated independently in the D. montium subgroup.

A single-copy DTE lacking P termini, but again with three uninterrupted exons

similar to the obscura DTEs, is present at orthologous locations in at least nine

montium species. Both the obscura and montium DTEs have, subsequent to their

domestication, undergone lineage-specific gene rearrangements, including gene dupli-

cation, secondary P element insertion, and exon shuffling. Additional TE insertions

provided cis-regulatory elements. In total, there were four independent P element

immobilization events, and four different products are encoded by the obscura and

montium DTEs (Nouaud and Anxolabehere 1997; Quesneville et al. 2005).

Despite their similarity to P repressors, the DTEs likely have functions other

than repression (Miller et al. 1992). In the obscura group, there are no autonomous

P elements, so the DTEs cannot act as repressors. While the montium group does

contain at least one active P element subfamily, that family is highly diverged from

the DTE, suggesting that repression may not occur. The montium DTE is incapable

of repressing transcription or the transposition of canonical P elements. Instead, it is

expressed in the brains and gonads of transgenic fly larvae and adults and binds to

multiple sites on the chromosome that are not similar to extant P elements,

suggesting that domesticated P transposases likely serve some function other than

P repression yet involving DNA binding (Reiss et al. 2005).

P elements were originally thought to be found only in flies (Diptera) but have
now also been identified in zebrafish (Hammer 2005). DNA-binding domains

homologous to those of P elements in flies and zebrafish, i.e., THAP domains

(Roussigne et al. 2003; Sabogal et al. 2010), have been identified in approximately

100 genes, many of them transcription factors, with various functions including

apoptosis, angiogenesis, cell cycle regulation, neurological function, stem cell

pluripotency, and epigenetic gene silencing (Clouaire et al. 2005). Thus, P elements

may have been domesticated multiple times and played an important role in the

evolution of animals (Quesneville et al. 2005).

12.3 Frequent Birth Model

How does molecular domestication work? The answer is not as straightforward as it

may seem. Consider the two different levels of selection (Gould and Lloyd 1999)

acting on TEs and ordinary genes. Ordinary genes (a.k.a. host genes or cellular
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genes) do not self-replicate and are maintained by what Doolittle and Sapienza

(1980) termed phenotypic selection; that is, by selection on the beneficial

phenotypes that they produce at the organism level. TEs, on the other hand, are

maintained by what we term self-replicative selection (and which Doolittle and

Sapienza termed nonphenotypic selection); that is, by selection on their replication

at the genome level in germ cells. In addition, TEs are subject to phenotypic

selection, because TE-induced mutations may cause phenotypes that impair or

occasionally benefit the organism, thereby impairing or benefitting their own

proliferation. Similarly, TEs produce molecules such as proteins or small RNAs

that may affect cell function and thus their own proliferation, either deleteriously or

beneficially.

One type of interaction between the phenotypic and self-replicative levels of

selection is genetic (or intragenomic) conflict, which can result in the evolution of

self-regulatory mechanisms to repress transposition (Werren 2011). For instance,

some evidence suggests that alternative splicing of P transposase genes can produce

different isoforms that in germ cells catalyze transposition and in somatic cells may

repress it (Rio 1990). Similarly, maize Spm elements have a single gene, which

encodes several isoforms, one of which, TnpA, may act as a repressor of

unmethylated Spm promoters (Fedoroff 1999). Domesticated retroelement genes,

such as the mouse Fv1 gene, may also serve as repressors (Volff 2006). Further-

more, DTEs derived from one type of TE may regulate other types of TE. For

instance, CENP-B homologs in fission yeast are derived from DNA transposons,

but, in addition to roles in centromere function, they repress retrotransposition

(Cam et al. 2008). On a noncoding level, some TEs contain tissue-specific

regulatory elements, such as pollen-specific enhancers, that limit somatic mutation

without restricting TE proliferation, a form of auto-repression (Raizada et al. 2001;

Lisch and Jiang 2009). Finally, other types of noncoding repression also occur, such

as the Mu killer locus in maize (Lisch and Jiang 2009).

Like TE repression, molecular domestication results from an interplay between

phenotypic and self-replicative levels of selection. Molecular domestication is a

process in which a TE gene, maintained by self-replicative selection, becomes an

ordinary gene, maintained by phenotypic selection. The balance of these competing

levels of selection may tip to either side: towards self-replicative selection to resulting

in bursts of transposition, or towards phenotypic selection to result in molecular

domestication. Various models of TE copy number dynamics and population genetics

have been proposed, some of which take into account molecular domestication

(Brookfield 1982; Hickey 1982; Charlesworth et al. 1994; Le Rouzic and Deceliere

2005; LeRouzic et al. 2007). In this section,we develop a conceptualmodel,whichwe

name the Frequent Birthmodel, with the aim of better understanding the evolutionary

forces underlying the process ofmolecular domestication.We suggest that, rather than

being a peculiar side effect of TE activity, molecular domestication is a natural

consequence of the interplay of phenotypic and self-replicative selection and may

occur far more frequently than is currently known, especially in the short term.
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The first step in molecular domestication is for a TE sequence to produce a

selectable phenotype (Fig. 12.1). TEs can produce phenotypes through a variety of

mechanisms, not all of which are capable of domestication. For instance, a phenotype

produced when a TE inserts into and knocks out a gene is not a potential source of

molecular domestication, because it is the disruption of the open reading frame that is

Fig. 12.1 Frequent Birthmodel ofmolecular domestication and an example based on self-repression

of transposition as the initial (short-term) beneficial phenotype, illustrating the evolutionary forces

underlying the process. First, the TE produces a phenotype; for example, in somatic tissue it may

encode an auto-repressive isoform that reduces mutability, and may subsequently lose its ability to

encode the transpositionally competent isoform, becoming nonautonomous. Second, the phenotype

becomes beneficial; for example, somatic auto-repression is inherently beneficial, whereas other

phenotypes may be beneficial only under certain environmental conditions. Third, the TE loses its

ability to mobilize, which eliminates self-replicative selection, leaving phenotypic selection to act on

it alone and placing it in a stable genomic environment. If it provides sufficient phenotypic benefit, the

TE becomes a nascent DTE, fixed in the population, and can persist in the short term.We propose that

short-term persistence may occur relatively frequently, because nascent DTEs may provide only

marginal phenotypic benefit and thus be frequently lost due to genetic drift, or because their benefit

may be transient (or both). In our auto-repression example, the nascent DTE may lead to the

extinction of the cognate TE family in the population, which would remove purifying selection on

the DTE. While horizontal transfer of a similar TE family may restore selection, such an occurrence

may be unlikely andwould in any case provide only a temporary resolution as the newTE familymay

also go extinct. Finally, to achieve long-term persistence, the phenotypic selection acting on a DTE

may need to be increased in strength or stabilized. In our auto-repression example, relaxed selection

and pseudogenization following TE extinction may permit a mutation to enable an entirely new

function. Alternatively, increased adaptive pressuremay result from environmental changes requiring

the organism to adaptmore quickly, whichmay increase the benefit of, for example, nascent networks

of regulatory DTEs
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the cause, not the TE sequence itself. Instead, to become domesticated, the TE

sequence itself must produce a phenotype. This may occur in two different ways:

coding or noncoding. First, the TE may encode a product that acts in trans. For

example, it may produce a transposase protein that binds near ordinary genes, altering

their expression (i.e., with transcription factor activity); or it may produce a product

with an auto-regulatory function, such as may be the case for P repressor proteins or

for TE loci that generate small interfering RNAs (see below), or it may produce an

endogenous retroviral envelope protein, which promotes cell fusion, a function which

has been repeatedly domesticated in the mammalian placenta (Rawn and Cross

2008). Second, the TE may have a noncoding regulatory effect in cis. For example,

it may contain a binding site for a transposase such as that described above; or it may

be the target of epigenetic silencing; or it may contain a promoter or an enhancer.

Although coding DTEs are the focus of this chapter, we also briefly discuss

noncoding DTEs in the section entitled Regulatory Exaptation: Coding and
Noncoding. Coding and noncoding DTEs may be domesticated separately, e.g.,

syncytin genes (Cornelis et al. 2012) or various gene promoters (Lee et al. 2008),

or together, e.g., the vertebrate adaptive immune system (Agrawal et al. 1998;

Fugmann 2010) or regulatory networks consisting of transcription factors and

cognate binding sites (Feschotte 2008).

The second step in our model, the phenotype produced by a TE must become

beneficial to the organism. This may occur in a variety of ways. For instance, auto-

regulation is (usually) inherently beneficial to the organism, because it limits

somatic mutation. Other phenotypes may be beneficial only rarely. For instance, a

transposase that produces a regulatory effect on ordinary genes by binding to

interspersed cognate TEs to form a nascent regulatory network may be beneficial

only for a small fraction of binding site distributions, a fraction which may be

relatively small under stable environmental conditions with stabilizing selection,

but which may increase under changing or variable environmental conditions with

disruptive or directional selection.

Third, the TE is immobilized. TEs frequently sustain mutations that prevent

transposition, such as truncations of one or both termini. Immobilization may

contribute to molecular domestication in several ways. It may elevate and stabilize

TE expression, for instance by integrating the TE gene with existing cis-regulatory
elements in the surrounding genome. It may also restrict epigenetic and posttran-

scriptional silencing, which is mediated by double-stranded RNAs typically

generated for DNA transposons from intact terminal inverted repeats, and thus

may be abrogated if the TE is truncated. Most importantly, immobilization

eliminates self-replicative selection and along with it selective constraints that

may limit the phenotypic benefit of the sequence. For example, a mobile TE

encoding a strong meiotic auto-repressor would be highly unlikely to evolve,

because it would restrict its own ability to persist; however, an immobilized meiotic

auto-repressor might increase in strength if conserved exclusively by phenotypic

selection, provided sufficient adaptive benefit.

We note that immobilization may occur before the TE begins to produce a

beneficial phenotype (i.e., before step 2), rather than after. Furthermore, it is
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sometimes asked whether molecular domestication even requires TE immobiliza-

tion, or might a gene encoded by an active TE nevertheless perform a beneficial

function for the organism that contributes to the conservation of both the TE and the

organism (Hoen et al. 2006; Smith et al. 2011)? The answer seems to hinge largely

on the strength of phenotypic vs. self-selective selection on active TEs. Consider

germ cell-specific expression, e.g., due to somatic self-repression in P elements or

tissue-specific enhancers. Germ cell-specific repression may be due to direct

phenotypic selection against genomes with TEs that are active in soma, or to self-

replicative selection to counteract cellular TE silencing mechanisms, or both.

If phenotypic selection does play a major role in producing germ cell-specific

transposition, it may be plausible that it could also maintain other cellular functions,

unrelated to transposition, within active TEs, and provided they do not interfere too

strongly with self-replication. Such a function would need to be simultaneously

selected at both the self-replicative and phenotypic levels of selection; otherwise, it

could simply become domesticated. While no such cases have yet been reported, it

is not clear whether this is because it is impossible, improbable, difficult to detect,

or simply unexamined.

Fourth, an immobilized TE may become conserved, at least in the short term, if it

provides a phenotypic benefit to the organism. Genomes contain many immobilized

TEs, most of which are TE “fossils.” Like ordinary genes, immobilized TE-derived

sequences are not subject to self-replicative selection, so to persist they must be

selected phenotypically. The phenotypic effects of immobilized TEs range from

deleterious to beneficial, but most have only weak effects, since those with strong

deleterious effect are rapidly eliminated from the population by negative pheno-

typic selection, and those with strong beneficial effects may originate only rarely.

However, nascent DTEs with even relatively weak or transient benefits may persist

in a population for at least a short time, depending on the strength of selection and

population size, before succumbing to elimination by random drift (Le Rouzic et al.

2007). We hypothesize that DTEs may be born frequently, and there may therefore

be a far higher number of weak-effect DTEs with short lifespans than there are

long-lived DTEs. Short-lived, weak-effect DTEs would be extremely difficult to

detect, since even long-lived DTEs are difficult to discriminate from TEs, as

suggested by the dearth of successful systematic searches for them, and as key

lines of evidence used to discriminate long-lived DTEs from TEs, such as sequence

conservation and inter-species co-linearity, would not be useful in detecting short-

lived TEs. Nonetheless, if our hypothesis is correct, weak-effect DTEs may supply

a preexisting pool of adaptive potential that may play an important role in

evolution, enabling rapid adaptation under certain conditions, such as accelerated

environmental change.

Finally, to persist in the long term, a nascent DTE must produce a sufficiently

stable and strong benefit. It seems likely that in most cases this would require either

a series of mutations to the nascent DTE, to increase its benefit, or specific

environmental conditions favoring the innovation of new functions over than the

maintenance of stable phenotypes, such as environmental change and directional

selection (or both). Some DTEs may even need to adopt entirely new functions by
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undergoing a second exaptation to persist long term, such as would be the case for

P neogenes if they were originally domesticated as repressors (Reiss et al. 2005),

since such a function would be inherently transient (Fig. 12.1). Thus, only a small

fraction of nascent DTEs are likely to reach the stage of long-term persistence.

12.4 Domesticated Transposable Elements in Plants

12.4.1 The FHY3 Family

Plants process sensory inputs by modulating gene expression networks affecting

development and growth. The perception of light is of particular importance. To

determine their position, the time of day, and the season, plants measure the

intensity, direction, duration, periodicity, and spectrum of incident light using

light-sensitive proteins called photoreceptors (Jiao et al. 2007). Of three major

classes of photoreceptors in plants, the phytochromes are the best characterized,

consisting in Arabidopsis thaliana of a monophyletic family of five genes,

PHYA–PHYE (phytochrome A–E) that has undergone diversification and sub-

functionalization throughout angiosperm evolution (Mathews 2006). Phytochromes

predominantly absorb red and far-red light to effect various responses including

germination, development, dormancy, shade avoidance, and flowering. PHYA is

highly conserved among angiosperms and some PHYA mutations are conditionally

lethal. PHYA is the primary photoreceptor for both very low fluence irradiance and

far-red high irradiance responses and triggers development in a wide range of light

conditions (Mathews 2006). In darkness, phyA protein is concentrated in the

cytosol. Absorption of red light by phyA triggers structural changes, exposing

interaction surfaces to which FHY1 (far-red elongated hypocotyl 1) and FHL

(FHY1-LIKE) bind. FHY1/FHL possess nuclear localization signals, causing

PHYA, which does not have a nuclear localization signal, to be translocated into

the nucleus, where it mediates light responses by triggering transcriptional cascades

(Bae and Choi 2008; Chen and Chory 2011) (Table 12.2).

Screens for A. thaliana mutants that undergo normal de-etoliation under white

light, but have impaired inhibition of hypocotyl growth under far-red light, identified

fhy3 ( far-red elongated hypocotyl 3) (Whitelam et al. 1993), which specifically

disrupts only the high irradiance phyA response (Yanovsky et al. 2000) and far1
( far-red-impaired response 1) (Hudson et al. 1999). The FAR1 gene sequence is

similar toMutator transposase genes, yet lacks TE termini, making it the first DTE to

be recognized in plants (Lisch et al. 2001). FAR1 and FHY3 are paralogs that

probably arose early in eudicot evolution. Each is located at orthologous chromo-

somal positions in A. thaliana, B. rapa, and P. trichocarpa (Lin et al. 2007).

Although both genes affect hypocotyl elongation, fhy3 has a more pleiotropic

phenotype, for example, also affecting cotyledon opening. Double mutants have

longer hypocotyls and greater reductions in cotyledon expansion than singlemutants,

suggesting that FHY3 and FAR1 act in an additive manner. Overexpression of the
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FHY3 C-terminal fragment, which contains a SWIM zinc finger domain, completely

blocks phyA signaling. The FHY3 protein can substitute for FAR1, as can the

promoters, to completely suppress the far1 mutant phenotype; conversely, FAR1
can only partially restore fhy3 (Wang and Deng 2002; Lin et al. 2008b).

Thus, FHY3 and FAR1, after duplicating early in eudicot diversification, have

undergone subfunctionalization to maintain partially overlapping functions, with

FHY3 acting more widely. FHY3 and FAR1 directly activate FHY1 and FHL
expression, which accumulate in dark and dissipate in light, and are required for

the high irradiance phyA response. FHY3 and FAR1 activate expression by homo-

and heterodimerizing and binding to a specific cis-regulatory sequence, called the

FHY3/FAR1-binding site (FBS), found in the promoters of both FHY1 and FHL.
An N-terminal C2H2 zinc finger domain mediates DNA binding. Two other

domains, the central MULE domain and N-terminal SWIM domain, are required

for dimerization and to activate expression (Lin et al. 2007, 2008b).

In addition to de-etoliation, FHY3 and FAR1 have recently been found to play

additional roles. During dark to red-light transitions, phyA signaling is rapidly

desensitized by multiple transcriptional and posttranslational feedback mechanisms,

three of which directly involve FHY3/FAR1. First, under far-red light, FHY3 binds to

underphosphorylated phyA, protecting against COP1/SPA-mediated proteolysis (Saijo

et al. 2008). Second, FHY3/FAR1 expression is repressed by phyA signaling in light,

which in turn reduces FHY1/FHL expression (Lin et al. 2007). Third, phyA signaling in

light activates the transcription of another photomorphogenic transcription factor, HY5

(long hypocotyl 5), which blocks FHY3/FAR1 activity by binding adjacent to the

FHY1/FHL FBS, sterically hindering FHY3/FAR1 binding. HY5 also interacts directly

with the DNA-binding domain of FHY3/FAR1, but it is not clear whether this interac-

tion is important in repressing FHY1/FHL expression, or if it plays a role in other

FHY3/FAR1 and HY5 co-regulatory activities (Li et al. 2010).

Table 12.2 Known domesticated transposable element genes in plants

DTEa Family TE Species (taxa)b Method of discovery Function

FAR1 FHY3 MULE A. thaliana (Dicots) Phenotype screen

(impaired de-

etoliation under

far-red light)

TFc; phyA

signaling;

may regulate

hundreds of

genes

FHY3 (Angiosperms) Similarity to FHY3/

FAR1

Unknown

(probable

TFs)
FRS1-12

DAYSLEEPER – hAT A. thaliana
(Eudicots)

Yeast one-hybrid

screen (Kubox1

motif)

Development

(essential)

MUG1-8 MUG MULE A. thaliana
(Angiosperms)

In silico search Plant & flower

development;

pleiotropic

GARY (~2 paralogs) hAT Barley, wheat

(Poaceae)

In silico search Unknown

aIn species where discovered
bSpecies where discovered (taxonomic distribution)
cTranscription factor (TF)
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FHY3 also plays multiple roles in circadian clock regulation. The FBS is present

in the promoters of more than 200 genes that exhibit diurnal or circadian cycling,

including PHYB, CCA1 (circadian clock-associated 1), and ELF4 (EARLY
FLOWERING 4) (Lin et al. 2007). FHY3 specifically gates red light signaling for

circadian clock resetting, playing a crucial role in the maintenance of clock

rhythmicity, especially at dawn (Allen et al. 2006). By binding to the ELF4
promoter and directly interacting with at least three additional transcription factors,

including HY5, FHY3 regulates both the rhythmicity and amplitude of the circadian

clock central oscillator (Li et al. 2011a). Finally, FHY3 also stimulates chloroplast

division (Ouyang et al. 2011).

More functions of FHY3/FAR1 likely remain to be uncovered. Microarray

studies revealed that in fhy3 mutants especially, but also far1, the majority of

known light-regulated genes, including transcription factor genes and genes

involved in cell elongation, have reduced responsiveness to continuous far-red

light (Hudson et al. 2003). Furthermore, the FBS is found in hundreds of promoters

(Lin et al. 2007). A recent chromatin immunoprecipitation-based sequencing (ChIP-

seq) study showed that FHY3 binds to thousands of binding sites associated with

over 1,700 genes (within 1,000 base pairs upstream to the 30 untranslated region)

(Ouyang et al. 2011). Nearly 800 genes are bound only in darkness, while over 200

are bound only in light, and nearly 800 in both conditions. The majority of genic-

binding sites are in promoters, with density peaking at the transcription start site.

About half of the genic-binding sites are FBS, but it remains unknownwhere exactly

FHY3 binds at the remaining sites. Several other types of transcription factor

binding site are significantly enriched near the FBS, including 283 genes that have

HY5-binding sites in close proximity, and 136 genes that are co-regulated with PIL5

(PHYTOCHROME INTERACTING FACTOR 3-LIKE5) (Ouyang et al. 2011).

In addition, about 40% of FHY3-binding sites are intergenic. Unexpectedly, the

majority of intergenic-binding sites are located in a centromeric motif, a pattern

unlike any other known plant transcription factor (Ouyang et al. 2011). The

functional significance of centromeric binding is not yet known, but we note that

it is reminiscent of mammalian CENP-B (CENTROMERE-ASSOCIATED

PROTEIN B), a DTE and component of the centromere/kinetochore, which binds

to centromeric satellites and regulates centromere formation (Casola et al. 2008;

Zaratiegui et al. 2011).

Microarray analyses showed that about one-eighth of the genes with FHY3-

binding sites are differentially regulated in dark (197 genes) or far-red light

(86 genes) conditions, which is roughly half of all genes differentially regulated

in these conditions. Most of these “directly regulated” genes are activated rather

than repressed by FHY3, especially in light, where all but a single gene is activated.

In dark, FHY3 directly represses the expression of 43 genes, 42 of which are

released from repression on light exposure. Among the directly regulated genes,

several functional categories are highly enriched, including transcriptional regula-

tion, signal transduction, intracellular signaling, environmental response, hormone

response, and development (Ouyang et al. 2011). These results suggest that FHY3

may have roles in diverse regulatory networks, or networks of other types, as yet

mostly uncharacterized.
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Furthermore, FHY3 and FAR1 are but two close paralogs in a gene family that

includes 12 additional FRSs (FAR1-related sequences) in A. thaliana (Hudson et al.
2003; Lin and Wang 2004). The FHY3/FAR1/FRS family (hereafter, the FHY3
family) consists of five widely diverged phylogenetic clades, each containing at

least two A. thaliana genes (Lin et al. 2007), and each except one with members in

both eudicots and monocots. The sole eudicot-specific clade contains both FHY3
and FAR1. Phylogenetic analysis of the FHY3/FAR1 clade suggests that FHY3 and

FAR1 arose by duplication early in eudicot evolution, well before the divergence of
the asterids. Furthermore, FAR1 and FHY3 loci are arranged in tandem in the

Populus genome, possibly the ancestral configuration, suggesting they arose by

tandem duplication. Other duplications are also evident. In the FRS3 clade, FRS5
and FRS9 are arranged in tandem in A. thaliana suggesting another tandem dupli-

cation. In the FRS7 clade, the FRS7 and FRS12 sequences are very similar,

suggesting a recent duplication.

All 12 A. thaliana FRSs are ubiquitously expressed in all major organs, except

FRS10, which appears to have a highly unstable transcript. FRS proteins all localize

to the nucleus, consistent with transcription factor activity, although FRS1

maintains residual cytosolic distribution. So far, only two clades in addition to

the FHY3/FAR1 clade have been characterized. Unlike fhy3/far1, frs6 and frs8
(FRS6 clade) do not affect hypocotyl elongation, but mutant plants flower early,

especially under short-day conditions, suggesting they are positive regulators of

phyB-mediated inhibition of floral initiation (Lin and Wang 2004). Conversely,

fhy3/far1 mutants also flower early but have greater effect under long-day

conditions. FRS9 (FRS3 clade) RNAi knockdowns exhibit a hypersensitive

response specifically to continuous red light, suggesting FRS9 is a negative regula-

tor of phyB-mediated de-etoliation (Lin and Wang 2004). Thus, in addition to the

well-characterized functions of FHY3/FAR1, the other FHY3 family members are

likely to play even more diverse roles, at least some of which may involve

phytochrome-mediated light responses.

The phylogenetic pattern, chromosomal arrangement, and functions of the FHY3
gene family show that it underwent successive duplication and subfunctionalization

throughout angiosperm evolution (Lin et al. 2007). Intriguingly, it may also have

been initially founded in not one but multiple molecular domestication events. The

FHY3 family phylogram published by Lin et al. (2007) includes two internal

branches belonging to extant, active TEs (LOM-1 and Jittery). All the five major

clades in the phylogram, including the TE branches, have greater than 90%

bootstrap support. If this phylogram is correct, then the PHY3 family must have

originated by at least three independent molecular domestication events. If so, and

if the descendants of these multiple domestication events are involved in similar

functions, as they appear to be (i.e., phytochrome-mediated responses), it raises

important questions about the nature of molecular domestication. What might each

independent domestication event have had in common, linking them to phyto-

chrome responses? One possibility is pleiotropy. While members of at least three

FHY3 family clades are known to be involved in light responses, FHY3/FAR1 may

have additional uncharacterized functions, so the different domestication events
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may not all be specifically linked to light responses. Another possibility is recep-

tiveness. Over the period in which the domestications occurred, the phytochrome

system may have been evolving rapidly, making it especially receptive to the

addition of novel transcription factors. Yet it seems implausible that other systems

would not also have been evolving quickly during the same period.

A third possibility is that the ancestral Mutator elements themselves, while still

active, may have somehow been tied to phytochrome responses. This might not

seem surprising, as various TEs are known to respond to specific environmental

cues, e.g., stress responses (McClintock 1984; Zeh et al. 2009). Yet if true it might

mean that the active TEs would themselves have been able to affect light response

phenotypes. Or perhaps, after the first domestication event established a DTE with a

phytochrome-related function, the nascent DTE might have continued to interact

with cognate TE transposases and binding sites, and vice versa. Could a situation

have existed in which DTEs and TEs were coevolving, gradually adding new

DTE-binding sites as well as new DTEs? The continued ability of a DTE to bind

to sites in TEs would permit it to expand and modulate its functions rather than

relying solely on a preexisting distribution of binding sites present at the time

of domestication. If such a mode of interaction between phenotypic and self-

replicative selection could indeed be maintained, it might accelerate the evolution

of the new function, benefitting the organism. Indeed, this may be a plausible model

of transcription factor network domestication even in cases involving only a single

transposase domestication event.

12.4.2 DAYSLEEPER

DAYSLEEPER was isolated in a yeast one-hybrid screen for proteins binding

upstream of a DNA repair gene (Ku70), where it binds to multimers of a motif

(Kubox1) also found upstream of other genes (Bundock and Hooykaas 2005).

DAYSLEEPER has the same conserved domain architecture as hAT (hobo/Ac/
Tam) transposase, including the hAT dimerization domain, but lacks residues

required for transposition, and the DAYSLEEPER locus is not flanked by TE

termini. Unlike most DTEs, DAYSLEEPER is located in a pericentromeric region

dominated by TEs that, unlike DAYSLEEPER, are heavily targeted by small RNAs

and DNA methylation and are not expressed (http://www.arabidopsis.org).

Homozygous daysleeper knockout mutants have severe developmental

defects, which can be rescued by molecular complementation. Overexpressing

DAYSLEEPER for prolonged periods causes slow growth, delayed flowering,

altered cauline leaves, fasciation, partial or total sterility, and altered flower

morphology. Overexpression induced for 24 h in wild-type seedlings leads to strong

changes in the transcript abundance of dozens of genes, many of which are

upregulated by more than an order of magnitude. However, none of the genes

with significantly altered expression have a Kubox1 DNA motif, nor do any of the

genes identified to have a Kubox1 motif were found to have significantly altered
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expression, including Ku70. Thus, while DAYSLEEPER does bind DNA, it is not

clear whether the observed regulatory effects are direct or indirect (Bundock and

Hooykaas 2005).

Although these results suggest that DAYSLEEPER may be a transcription factor

with multiple roles, unfortunately no additional reports have been published since

the original publication by Bundock and Hooykaas (2005). The genes with signifi-

cantly altered expression when DAYSLEEPER is overexpressed are involved in a

range of processes, especially response to stimulus, pathogen defense, signaling,

metabolism, and development. EST library searches show that DAYSLEEPER
homologs are found in widely diverged eudicots, both rosids and asterids, but not

in monocots (D. Hoen, unpublished results).

12.4.3 The MUSTANG Family

To date, most DTEs have been identified through forward genetics. For instance,

FAR1 was identified in a phenotypic screen for far-red light mutants (Lin et al.

2007) and DAYSLEEPER in a yeast one-hybrid screen for proteins binding

upstream of a DNA repair gene (Bundock and Hooykaas 2005). However, pheno-

typic screens may be ill suited to the identification of gene families in which close

homologs are can compensate for a single knockout, as may be the case for families

of DTEs undergoing lineage-specific expansion and subfunctionalization. The

problem may be exacerbated in plants, which tend to have large gene families.

Furthermore, a general lack of awareness of the existence of molecular domestica-

tion may cause some researchers who do observe novel DTEs in forward genetic

screens to dismiss them under the false assumption that they are TEs. Because of

these limitations, we do not know what ascertainment biases may exist in the set of

known DTEs, nor how many DTEs remain to be identified, a potentially large

number considering that transposases are the single most abundant and ubiquitous

genes in nature (Aziz et al. 2010).

To address this problem, we need systematic screens of genomic data to identify

DTE candidates, followed by reverse genetic characterization to determine whether

they are bona fide DTEs. One of the few in silico searches conducted thus far was

designed to identify plantMutator-like DTEs that originated prior to the divergence
of monocots and eudicots (Cowan et al. 2005). Mutator-like genes that lack TE

termini were identified through comprehensive searches of rice and Arabidopsis

genome sequences. Phylogenetic analysis revealed that while most Mutator-like
genes cluster into clades found only in rice or Arabidopsis, indicative of lineage-

specific transposases, two families are different, having close orthologs in both rice

and Arabidopsis that are not associated with TE termini and that are expressed. One

of these was the previously identified FHY3 family (Hudson et al. 2003), a valida-

tion that the method could succeed in finding DTEs. The second was a novel family

of DTEs, which was named MUSTANG (MUG). MUG1 has syntenic orthologs in

rice, Arabidopsis, Medicago, and poplar. Synonymous substitution rate analysis
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suggests that MUG1 has been subject to strong purifying selection at the protein

level. Like the majority of characterized DTEs derived from DNA transposons

(Sinzelle et al. 2009), including the FHY3 family, MUG has maintained its DNA-

binding domain, suggesting it may be a transcription factor. In fact, all of the

ancestral Mutator conserved domains are present in MUG. In addition some

MUG genes contain a protein-interaction domain, PB1 (Phox and Bem1), not

normally found in transposases. Expressed MUG homologs have also been

identified in sugarcane (Saccaro et al. 2007).

Investigations subsequent to Cowan et al. (2005) have revealed additional

details. The MUG family consists of two major clades, each with members in all

examined angiosperms, including basal angiosperms, but not in gymnosperms or

other plants. The clades have undergone different patterns of diversification in

monocots and eudicots, and it is not yet clear whether they originated in a single

or multiple molecular domestication events. Microarray experiments show that in

mugmutants, the expression levels of hundreds of additional genes are significantly

altered, similar to the pattern found in fhy3 (Ouyang et al. 2011), and consistent

with the hypothesis that MUGs may function as transcription factors. Different

Arabidopsis mug mutants have different pleiotropic phenotypes, including

increased freezing tolerance, delayed development, delayed flowering time, aber-

rant flower morphology, and reduced seed set. This phylogenetic distribution of

MUG, along with its flower-related phenotypes, suggests that it was domesticated

early in angiosperm evolution and may have coincided with the origin of flowers

(Joly-Lopez et al. 2012). These results were corroborated by a genome-wide survey

of the transcription of TE-like sequences in rice, which found only three putative

Mutator-like families that are highly transcribed, two of which are the FHY3 and

MUG families (Jiao and Deng 2007). (The third does not in fact appear to be related

toMutator, as it does not contain MuDR or MULE conserved domains; thus, it may

be spurious (D. Hoen, unpublished data).)

The successful in silico identification and reverse-genetic characterization of

MUG highlights the importance of performing systematic screens to identify DTEs.

Although Cowan et al. (2005) identified only two Mutator-like DTE families with

orthologs in both monocots and eudicots, more may remain to be discovered. For

example, Benjak et al. (2008) identified single-copy grapevine genes that are

derived from DNA transposons but lack TE termini, finding 2 DAYSLEEPER
homologs, 8 MUG homologs, and 5 FHY3 homologs, as well as one hAT-like and
oneMutator-like gene that may be novel DTEs. We ourselves have also undertaken

subsequent searches, the results of which suggest that plant genomes may contain

many additional unreported DTEs (D. Hoen, unpublished data). Once a sufficiently

large and unbiased sample of DTEs has been identified, we may more confidently

characterize the nature of molecular domestication and its effect on evolution.
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12.4.4 GARY

In addition to MUG, one other putative plant DTE was detected in silico.
Muehlbauer et al. (2006) identified a hAT-like EST in barley corresponding to a

gene, GARY, with only one or two copies in barley, two syntenic copies in the rice,

and close EST homologs in several other cereal grasses. GARY is not flanked by TE

termini, key residues that would be required for mobility are missing, and no

transposition was observed in experimental conditions conducive to it (Muehlbauer

et al. 2006). The function of GARY is not known, but given its phylogenetic

distribution and its expression in wheat and barley spikes, it may have a grass-

specific reproductive function. Searches of sequenced plant genomes confirm that

GARY is found only in grasses, not eudicots (D. Hoen, unpublished data).

The narrow phylogenetic distributions of GARY and DAYSLEEPER suggest that

molecular domestication is an ongoing process in both monocot and eudicot plants.

12.4.5 Additional Examples

In total, roughly 100 families of eukaryotic DTEs have been identified so far

(Volff 2006; Feschotte and Pritham 2007; Sinzelle et al. 2009). Even though

retrotransposons greatly outnumber DNA transposons, the majority of known

DTEs are derived from DNA transposons, on which we have focused, being the

only well-characterized cases in plants. The disproportionate number of known

DTEs derived from DNA transposons may be the result of ascertainment biases, as

few systematic searches for DTEs have yet been conducted, or it may be due to

intrinsic differences between DNA transposons and retrotransposons. For instance,

the molecular functions of DNA transposons may be more easily domesticated.

Over half of known DTEs putatively function as transcription factors, suggesting

that this is a relatively easy evolutionary transition. Other DTEs have diverse

functions, such as transposition repression, translation regulation, nuclear import,

mRNA splicing, chromatin regulation, DNA maintenance and repair, telomere

maintenance, centromere formation, chromosome segregation, and recombination

(Feschotte and Pritham 2007; Sinzelle et al. 2009). Many DTEs regulate develop-

ment and thus have major phenotypic effects (e.g., Bundock and Hooykaas 2005).

Furthermore, DTEs have often played vital roles in major evolutionary innovations,

which should not be surprising, as exaptation is inherently innovative. For

example, the vertebrate adaptive immune system includes both domesticated

proteins (recombination activating genes) and binding sites (recombination signal

sequences), and is essentially a domesticated, specifically regulated transposition

system (Agrawal et al. 1998; Fugmann 2010). Another example is the mammalian

placenta, which evolved by multiple exaptations of both proteins (e.g., the

Syncytins, ERV-3, Peg10, and Rt11/Peg11) and regulatory elements (Edwards

et al. 2008; Rawn and Cross 2008; Cornelis et al. 2012). Other systems in which
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TE exaptations play important roles include programmed genome rearrangements

in protozoans (Baudry et al. 2009; Cheng et al. 2010), mating-type switching in

yeast (Rusche and Rine 2010), and neural development in mammals and other

vertebrates (Cao et al. 2006; Santangelo et al. 2007; Okada et al. 2010; Beck et al.

2011; Franchini et al. 2011). TEs and DTEs have also been repeatedly recruited for

functions in centromeres (Casola et al. 2008) and telomeres (Levin and Moran

2011; Pardue and DeBaryshe 2011). Indeed, ancient TE exaptations may even have

been responsible for the very origin of telomeres in early eukaryotes, an innovation

that may have been vital to enable the evolution of meiosis and sexual reproduction

(which may also have been driven by TEs), prerequisites for complex life (Nosek

et al. 2006).

12.5 Other Types of Protein-Coding Exaptation

Thus far, we have focused on cases of full molecular domestication, i.e.,

TE exaptations that form whole new genes, because they are illustrative,

interesting, and the best characterized in plants. However, additional types of TE

coding sequence exaptation also occur. One type is that certain DNA transposons

acquire, by unknown mechanisms, duplicated fragments of ordinary genes, called

transduplications. It is not yet clear whether transduplications have phenotypic

coding functions, but they may generate regulatory small RNAs (Le et al. 2000;

Yu et al. 2000; Turcotte et al. 2001; Jiang et al. 2004a, 2011; Juretic et al. 2005;

Lai et al. 2005; Hanada et al. 2009). Furthermore, in some cases it appears that

transduplicated genes serve self-replicative functions, i.e., they may have been

exapted in the opposite direction to molecular domestication, an ordinary gene

converted to TE gene (Hoen et al. 2006; Sela et al. 2008). It is possible that these

self-replicative transduplicates might sometimes be re-exapted to again encode

ordinary proteins, forming a cycle of exaptations, but no such cases are known.

Another potential path to coding sequence exaptation is through exonization.

A TE that inserts into or near a gene can be incorporated as a novel cassette exon.

Exonization is especially prevalent in animals, where alternative splicing is

common (Sorek 2007; Cordaux and Batzer 2009; Schmitz and Brosius 2011). For

instance, thousands of ordinary human gene transcripts may contain TE-derived

sequences (Nekrutenko and Li 2001; Britten 2006; Sela et al. 2007). However, most

exonized TEs are expressed only as rare splice variants and are probably not

translated into functional peptides (Gotea and Makalowski 2006; Lin et al.

2008a). Indeed, the vast majority is derived not from TE coding sequences, but

from nonautonomous elements. For instance, roughly half of exonized human TEs

are originated from Alu elements, the most abundant human TE at over one million

copies, accounting for more than 10% of the genome (Nekrutenko and Li 2001;

Sela et al. 2007). Alu elements are themselves derived from retrotransposed 7SL

RNAs and thus have no inherent coding capacity, but do contain multiple splice

signals, which perhaps make them amenable to exonization (Makałowski et al.
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1994). It is not yet clear whether or how exonized Alu elements may contribute to

phenotypic evolution (Cordaux and Batzer 2009).

Exonization also occurs in plants but is not as prevalent or well characterized

(Barbazuk et al. 2008). In A. thaliana, more than 2,000 loci have transcribed exons

derived from TEs, but it is not clear how many of these are ordinary genes and how

many are transduplications, nor is it known what fraction, if any, are translated into

functional proteins (Lockton and Gaut 2009). MITEs, high copy-number TEs

prominent in plants but also found in other eukaryotes that frequently insert near

genes (see below), may be good candidates for exonization (Marino-Ramirez et al.

2005). However, like Alu elements, MITEs usually have no inherent coding

capacity and at least certain families very rarely insert into coding exons or become

exonized (Oki et al. 2008; Naito et al. 2009).

Exonization may seem to be an easier path to exaptation than full molecular

domestication, given that existing genes are already be stably regulated. Conversely,

adding new sequence to an existing gene, and thus changing its function, would likely

be deleterious, unless perhaps it was a recently duplicated gene, or unless the novel

exon were included in only one isoform leaving the original gene function intact.

However, this scenario would also require a concurrent change in regulatory control.

Although exonized TEs appear to usually be nonfunctional, some functional

chimeras are known. For instance, the primate gene SETMAR (Robertson and

Zumpano 1997; Cordaux et al. 2006), a.k.a. Metnase (Lee et al. 2005), arose

when a Tc1-Mariner element inserted downstream of a SET gene. Tc1-Mariner
elements are present in all eukaryotic kingdoms and undergo frequent horizontal

transfer (Lohe et al. 1995). In humans, Tc1-Mariner is now extinct, like other

DNA transposons, but 60–80 million years ago, during the primate radiation,

Tc1-Mariner underwent a burst of transposition (Pace and Feschotte 2007).

SETMAR, which formed shortly thereafter (Shaheen et al. 2010), is conserved in

humans, apes, and monkeys (Lee et al. 2005) and, unlike other Tc1-Mariner fossils
in the human genome, is evolving slowly with uninterrupted, expressed open

reading frames (Robertson and Zumpano 1997).

SETMAR contains both a transposase domain, evolving under strong purifying

selection, and a SET histone methyl transferase domain (Shaheen et al. 2010). It has

maintained its ancestral DNA-binding specificity for a 19 base-pair ancestral

Tc1-Mariner terminal sequence still present in thousands of copies in the human

genome, suggesting that it may be involved in a large network (Cordaux et al.

2006). The DDE motif, normally required for transposition, is absent and SETMAR

does not efficiently catalyze transposition, nor does it, like functional transposases

such as hAT in maize (Zhang et al. 2009), mediate chromosomal translocation,

but instead it represses translocation (Shaheen et al. 2010). Yet, SETMAR does

maintain certain transposase functions, including limited DNA endonuclease

activity. One activity of SETMAR is histone methylation, and thus it potentially

functions in transcriptional regulation, DNA repair, DNA replication, and

imprinting. It also interacts Pso4, a protein involved both in DNA double-stranded

break repair and RNA splicing. It plays a role in double-stranded break repair by

nonhomologous end joining, and possibly in other DNA repair processes, and in
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restarting stalled replication forks (Shaheen et al. 2010). Replication fork restart is

also a function of another DTE, a CENP-B homolog in fission yeast (Zaratiegui

et al. 2011).

SETMAR was formed through a unique series of mutations. After inserting

downstream of the ancestral SET gene, a Tc1-Mariner was immobilized by an

Alu insertion. The original stop codon of the SET gene was deleted, resulting in the

exonization of a segment of 30 UTR and creation of a novel intron, which fused the

SET gene to the transposase. Curiously, the intron acceptor site is encoded by the

ancestral Tc1-Mariner element itself, just three base-pairs upstream of the

transposase start codon; furthermore, the ancestral element also encoded two

putative branch sites (Cordaux et al. 2006). These features perhaps suggest that

ancestral Tc1-Marinersmay, like Alu elements, have evolved a capacity to exonize,

and thus that TEs themselves can benefit from exonization. This might suggest an

evolutionary feedback between self-replicative and phenotypic selection to increase

the rate of exonization, which in turn may increase the rate of TE exaptation.

In any case, SETMAR demonstrates that transposase functions can be exapted

not only through the formation of whole new genes but also by chimerization with

existing ordinary genes. Although only a small fraction of exonized TEs may

become exapted, over the long course of evolution they may have made a large

contribution to the genome, especially in functions such as DNA binding,

protein–protein interaction, and recombination.

12.6 Regulatory Exaptation: Coding and Noncoding

Complex multicellular life has evolved primarily not through changes to structural

genes but by changes to how genes are regulated (King and Wilson 1975; Carroll

2005; Wray 2007). Transcription factors are a major component of gene regulation.

While most genes are similar between different species, some transcription factor

families evolve quickly (Nowick and Stubbs 2010). TEs contribute to regulatory

evolution in various ways, including by creating new families of lineage-specific

transcription factors through molecular domestication (Britten and Davidson 1971;

Bourque et al. 2008; Feschotte 2008; Kunarso et al. 2010). DNA transposons, in

particular, have innate characteristics that predispose them to exaptation as de novo

regulatory networks, i.e., transcription factors and binding sites (Feschotte 2008).

Transposases have DNA-binding domains that recognize motifs within TEs (Haren

et al. 1999; Lisch and Jiang 2009). Some TEs preferentially insert upstream of

genes, an ideal location for elements that regulate transcription (Bureau and

Wessler 1992; Lisch and Jiang 2009; Naito et al. 2009). When the transposase is

expressed, it binds to the TEs and can modify the expression of flanking genes. If

the TEs happen to be distributed in a way that the coordinated expression change is

phenotypically beneficial, then the transposase and the binding sites are favored by

phenotypic selection and can be domesticated. Of eukaryotic DTEs derived from

DNA transposons with putative or known functions, about half are transcription
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factors (Feschotte and Pritham 2007; Sinzelle et al. 2009). As we have seen, these

probably include all the plant DTE families: FHY3 (Lin et al. 2007), DAYSLEEPER
(Bundock and Hooykaas 2005), and MUG (Z. Joly-Lopez, E. Forczek, D. Hoen,

and T. Bureau, unpublished data).

Indeed, molecular domestication may have been the ancient foundation of

several transcription factor families. We have already discussed THAP genes,

many of which are transcription factors, which may have originated by P element

domestication. Additional examples include the AP2/ERF and WRKY super-

families of plant-specific transcription factors, which may also have arisen through

the ancient domestication of DNA-binding domains (Magnani et al. 2004; Babu

et al. 2006). However, as may be expected for ancient events, these gene families

have limited similarity to extant TEs making it difficult to determine exactly how

they arose. There may have been multiple domestication events, or single domesti-

cation events followed by exon shuffling (not mediated by TEs), or it is even

possible, though unlikely, that the TEs co-opted these domains through

transduplication, rather than the transcription factors arising by domestication.

TE exaptation also contributes to regulatory evolution in other ways. TEs

contain binding sites for not only transposases, which are needed for transposition,

but also for ordinary transcription factors, as well as promoters, which are needed

for transposase expression. These binding sites and promoters can be exapted for

phenotypic function, independently of transposase domestication, singly or in

networks. Indeed, this type of exaptation appears to be far more prevalent than

coding sequence domestication. In general, transcription factor binding sites and

other functional noncoding sequences evolve rapidly and are frequently restricted

to single species or narrow phyletic ranges (Ponting et al. 2011). While some may

originate de novo (Eichenlaub and Ettwiller 2011), TEs are appropriate sources of

lineage-specific regulatory elements, since TEs themselves evolve rapidly, both in

sequence and genomic distribution (e.g., Hollister et al. 2011). Indeed, noncoding

TE sequences are frequently exapted as short- and long-distance (Pi et al. 2010)

enhancers, repressors, silencers, insulators, alternative transcription start sites,

alternative polyadenylation sites (Lee et al. 2008), antisense transcripts, or alterna-

tive exons (Beauregard et al. 2008; Feschotte 2008; Shapiro 2010; Ponting et al.

2011; Studer et al. 2011). For instance, in humans, one-quarter to one-third of

promoters and transcription factor binding sites may be derived from TEs (Jordan

et al. 2003; Bourque et al. 2008; Kunarso et al. 2010), and thousands of conserved

noncoding elements derived from TEs are especially enriched near genes involved

in development and transcriptional regulation (Lowe et al. 2007). In plants, small

nonautonomous DNA transposons known as miniature inverted-repeat transposable

elements (MITEs) are especially abundant. MITEs insert preferentially into

50 flanking regions of genes, can be exapted as various types of regulatory element,

and can form de novo regulatory networks (Bureau et al. 1996; Jiang et al. 2004b;

Oki et al. 2008; Naito et al. 2009).

In addition to transcription factors and cis-binding sites, TEs can also be exapted
as various classes of RNAs (Brosius 1999). Of these, the most important for

regulation are small RNAs (sRNAs). sRNAs of different types are used in several
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related RNAi pathways to target transcriptional and posttranscriptional silencing

(Chapman and Carrington 2007; Malone and Hannon 2009). sRNAs are generated

from double-stranded RNAs (dsRNAs), which ordinary genes do not normally

produce, but which TEs produce in various ways, for example, by intermolecular

hybridization of bidirectional transcripts or by intramolecular hybridization of

read-through transcripts containing inverted repeats (Lisch 2009). In plants,

transcriptional silencing of TEs by chromatin compaction is activated by

sRNA-directed DNA methylation as well as repressive histone modifications.

Secondary sRNAs spread DNA methylation to adjacent areas (Simon and Meyers

2011). DNA methylation is initiated and reinforced in plant embryos by sRNAs

produced in the vegetative cell of pollen and the central cell of endosperm, cells

which are hypomethylated to activate TEs, but which do not contribute genetic

material to subsequent generations (Law and Jacobsen 2010; Calarco and

Martienssen 2011). Once established, DNA methylation is epigenetically inherited

(Feng and Jacobsen 2010); thus, degenerate TEs may eventually be desilenced

making them more available for exaptation.

Epigenetic regulation of TEs can alter the expression of nearby ordinary genes, and

cis-regulatory elements exapted from TEs can also be epigenetically regulated

(Slotkin and Martienssen 2007; Weil and Martienssen 2008; Markljung et al. 2009).

In fact, McClintock first discovered TEs by observing effects caused by the epigenetic

regulation of maize En/Spm (Enhancer/Suppressor Mutator) elements (Fedoroff

1999). Methylation of TEs inserted near ordinary genes decreases their expression

(Hollister and Gaut 2009), for instance by methylation spreading to cis-regulatory
elements (Martin et al. 2009). Conversely, TE-derived regulatory elements may also

be targeted by active histone modifications (Huda et al. 2011).

TE-derived sRNAs can regulate ordinary genes not only epigenetically, but also

posttranscriptionally. For instance, transduplications can produce, via antisense

transcription or possibly inverted duplication, sRNAs that posttranscriptionally

downregulate parent gene expression in trans (Juretic et al. 2005; Slotkin et al.

2005; Hanada et al. 2009). Also, microRNA (miRNA) genes (MIR) can be derived

from TEs (Smalheiser and Torvik 2005; Piriyapongsa et al. 2007; Li et al. 2011b).

MIR transcripts form stem-loop dsRNAs, which are processed into sRNAs that

target the mRNA transcripts of ordinary genes for cleavage or translation inhibition.

While some plant MIR genes have ancient origin and are highly conserved, the

majority are young and restricted to single species. YoungMIR genes may originate

by random inversion of coding sequence, or they may be derived from short

inverted repeat TEs, such as MITEs (Voinnet 2009). However, many young MIR
genes may be evolving neutrally (Fahlgren et al. 2010).

While some TE-derived miRNAs produce canonical stem-loop structures, many

are atypical and more similar to ancestral TE configurations. This suggests a model

(Piriyapongsa and Jordan 2007) of MIR exaptation similar in principle to the

Frequent Birth model. Consider a specific TE locus that generates sRNAs targeting

homologous TEs for silencing. As a side effect of silencing, a set of ordinary genes

may also be downregulated, perhaps via a distributed set of exonized TEs targeted

by the sRNAs. If the new regulatory network were phenotypically beneficial, the
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locus would come under phenotypic selection and could evolve to become a MIR
gene. The main principle here is the same as that for de novo exaptation of

transcription factor networks: a network of sequences derived from TEs randomly

distributed near ordinary genes are targets of regulation, either by an ordinary

transcription factor, a domesticated transcription factor, or an miRNA exapted

from a TE. Indeed, miRNAs have been likened to posttranscriptional transcription

factors (Malone and Hannon 2009). The first step in this process, the exaptation of a

TE to produce repressive sRNAs is nicely illustrated by the maize Mu killer

locus (Muk). Muk is an inverted duplication of part of a Mutator TE. It produces
a stem-loop dsRNA transcript that is processed into sRNAs, which effectively

silence, both posttranscriptionally and epigenetically, this otherwise highly active

TE family (Slotkin et al. 2005). The large number of observed young MIR genes is

consistent with a rapid birth–death cycle as predicted by the Frequent Birth model,

and with a role for these miRNAs in lineage-specific diversification. Perhaps a

similar phenomenon might be found for domesticated protein-coding genes, given

sufficiently sensitive searches.

On a grander scale, the RNAi system itself may itself be an indirect exaptation of

TE-genome coevolution. Perhaps originally evolved to regulate TEs (Lisch and

Bennetzen 2011), epigenetic regulation is now used for various purposes such as

genomic imprinting (Köhler and Weinhofer-Molisch 2010), gene body methylation

(Saze and Kakutani 2011), developmental plasticity, and the buffering of develop-

mental programs (Obbard et al. 2009; Martin and Bendahmane 2010; Feng and

Jacobsen 2011; Mirouze and Paszkowski 2011; Simon and Meyers 2011). On an

even larger scale, the modulation of epigenetic TE regulation may provide a

mechanism for evolvability and may thus play a fundamental evolutionary role.

Global epigenetic desilencing increases the rate of transposition, so it may enable

periods of rapid evolution and, ultimately, punctuated equilibrium (Gould and

Eldredge 1977; Zeh et al. 2009; Johnson and Tricker 2010; Okada et al. 2010;

Oliver 2011; Werren 2011).

12.7 Concluding Remarks

We have reviewed the known DTE genes in plants. Although some results suggest

that there may be few plant DTEs left to be discovered (Cowan et al. 2005; Jiao and

Deng 2007), the question remains open. Indeed, other lines of evidence suggest that

molecular domestication may be a relatively common phenomena: the convergent

domestication of pogo transposases into CENP-B-like DTEs in mammals, fission

yeast, and possibly insects and plants (Barbosa-Cisneros and Herrera-Esparza 2002;

Casola et al. 2008; d’Alençon et al. 2011); the repeated and convergent domestication

of placental genes (Rawn and Cross 2008); the recurrent domestication of P elements

(Miller et al. 1999; Quesneville et al. 2005); and multiple domestication events during

FHY3 evolution (Lin et al. 2007). Thus, before we assess the frequency and global

significance of molecular domestication, additional systematic genomic searches are
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needed. Regardless of how frequent TE coding sequence exaptation is, it has already

become apparent that noncoding TE exaptations, such as transcription factor binding

sites, contribute significantly to regulatory evolution.

It is common to describe TEs as selfish parasites, a viewpoint supposedly

justified by the capacity of TEs to persist outside the need for phenotypic selection.

Gould cautioned that an exclusive focus on immediate adaptation may lead to an

inverted understanding of evolution, a focus on spandrels not arches, on paintings

not architecture (Gould and Lewontin 1979). Modern genomics supports this view

(Koonin 2009). We find it fascinating and beautiful that natural selection appears to

have created a system of molecular evolution where TEs, which are not directly

maintained in the short term by phenotypic selection but rather through self-

replication, without which they would otherwise become extinct, may nonetheless

be indispensible in the long term to the evolution of complex organisms. Indeed, by

evolving mechanisms such as molecular domestication that increase the rate of

adaptive mutation, TEs may be able to increase their own chances of survival and

proliferation (Le Rouzic et al. 2007). Thus, rather than viewing TEs as parasites

living off a genomic system in which ordinary genes and phenotypic selection are

paramount, a more productive analogy may be to view TEs as important

components of a more complex genomic ecosystem (Brookfield 2005). When

Barbara McClintock first discovered transposable elements, she recognized their

potential importance in gene regulation and genome evolution (McClintock 1950).

In the end, she may well be proven right.

Box 12.1 Terminology

CHIMERIZATION—The fusion of two separate genes into a single gene.

EXAPTATION—A feature evolved for one role (or no role) that has been

co-opted to perform a different role. Also, a feature evolved at one level of

selection that produces effects at a different level of selection. Although the

concept was understood at least as early as Darwin, the term was coined by

Gould and Vrba. The original role of an exaptation can also be called, in

retrospect, a preadaptation.

EXONIZATION—The incorporation into a gene of a new coding

sequence not originally part of the gene, usually from a noncoding source.

HORIZONTAL TRANSFER—The transfer of a gene or TE between

individuals other than from parent to offspring, also known as lateral transfer.

In bacteria, horizontal transfer via plasmids of certain genes, such as those

conferring antibiotic resistance, is common. In eukaryotes, TEs and genes are

ordinarily passed vertically from parent to offspring; however, certain types

of TEs, such as P elements, appear to undergo relatively frequent horizontal

transfer by unknown mechanisms, which may be critical to counteract

stochastic loss and permit long-term persistence.

TRANSDUPLICATION—A non-TE sequence that has been copied into a

DNA transposon. Transduplication occurs frequently in certain plant TEs

such as rice MULEs and maize Helitrons. MULEs with transduplications are
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also called Pack-MULEs. The mechanisms and evolutionary consequences of

transduplication are not yet well established. Similarly, retrotransposons can

mobilize non-TE DNA by a related but distinct process called transduction.

MOLECULAR DOMESTICATION—A process whereby a TE gene or

other sequence is coopted to perform a nonmobility-related function.

ORDINARY GENE—A non-TE gene.

PHENOTYPIC SELECTION—Natural selection acting on the

phenotypes of organisms. Ordinary genes (and other genetic elements) are

replicated en-masse via the production of progeny organisms, which are the

immediate object of selection. Ordinary genes persist by producing beneficial

phenotypes; TEs can also experience selection at this level to decrease their

deleterious effects.

SELF-REPLICATIVE SELECTION—Natural selection at the level

of self-replicating DNA. TEs can persist without producing beneficial

phenotypes, because they have multiple copies that sustain mutations

independently. By replicating frequently enough in germ cells, at least one

autonomous copy can escape any disabling mutations that would prevent

further replication and be passed to the next generation.
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Chapter 13

SINE Exaptation as Cellular Regulators

Occurred Numerous Times During

Eukaryote Evolution

Jean-Marc Deragon

Abstract Exaptation is defined as a successful adaptation by acquiring a new

function from previously useless DNA sequences. I review here recent evidences

suggesting that Short INterspersed Elements (SINEs) were exapted numerous times

during eukaryote evolution. I propose that the ubiquitous presence of SINEs in

eukaryotes depends mainly on their parasitic nature coupled to the facility by which

their RNA can be exapted and preserved long after the SINE family responsible for

its biogenesis stopped amplifying. Therefore, exapted SINE RNAs (and loci

responsible for their production) represent a reservoir to initiate new rounds of

retroposition (and new SINE families) that in turn generate new materials for

further exaptation events. While most examples of SINE exaptation come from

animals, the ubiquitous nature of SINEs in plants coupled with the recent availabil-

ity of a significant number of fully sequenced plant genomes should soon reveal

new examples of plant SINE exaptation.

Keywords Transposable elements • SINEs • LINEs • Retrotransposons •

Exaptation

13.1 Introduction

13.1.1 SINE Structure and Evolution

SINEs are nonautonomous retroelements, transcribed by the polymerase III (polIII)

machinery (Chu et al. 1995; Roy et al. 2000; Arnaud et al. 2001; Nikitina et al. 2011)

and propagated by a process called retroposition (Rogers 1985; Kramerov and
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Vassetzky 2005). SINEs are molecular parasites of autonomous LINEs (Long

INterspersed Elements) (Eickbush and Jamburuthugoda 2008) that code for essential

enzymes involved in retroposition (Ohshima et al. 1996; Boeke 1997; Kajikawa and

Okada 2002; Dewannieux et al. 2003). SINEs emerged de novo several times in

eukaryote evolution, reusing biologically functional “modules” possessing a polIII

promoter such as tRNA, 7SL RNA, and 5S RNA [for a recent review on SINE origin

and evolution see Kramerov and Vassetzky (2011)]. SINE organization can become

more complex when the initial module (for example the tRNA-related sequence)

multimerize to form either homodimer or homotrimer SINEs or fuse with other

functional modules (5S RNA or 7SL RNA) to form heterodimer and heterotrimer

SINEs. The initial module can also fuse with an unrelated sequence (often of

unknown origin). These composite SINEs can also form subsequently homo- and

hetero-multimeric versions. Finally, all SINEs possess a 30-terminal “tail” of variable

length important for LINE protein interactions (Ohshima et al. 1996; Boeke 1997;

Kajikawa and Okada 2002; Dewannieux et al. 2003). This region usually ends with

more or less degenerated simple repeats (Kramerov and Vassetzky 2005).

13.1.2 SINE Distribution in Eukaryotes

SINEs are widespread among eukaryotes (Kramerov and Vassetzky 2005; Wenke

et al. 2011). They are found in most metazoans with the exception of certain species

such as Caenorhabditis elegans and a few terrestrial insects particularly of the

Drosophila and Apis genders. SINEs are nevertheless present in many Isoptera,

Blattoidea, Orthoptera, Lepidoptera, and Diptera species (Wilson et al. 1988; Liao

et al. 1998; Tu 1999; Feschotte et al. 2001; Luchetti and Mantovani 2011). SINEs

have a patchy distribution in fungi. They are absent from several species (including

Saccharomyces cerevisiae) but are present in many others (Rasmussen et al. 1993;

Kachroo et al. 1995; Mes et al. 2000). SINEs have been found in the genome of

many protists (such as Schistosoma japonicum (Laha et al. 2000), Entamoeba
histolytica (Irmer et al. 2010), and Phytophtora infestans (Whisson et al. 2005))

but data are lacking to evaluate their presence in many others. SINEs are ubiquitous

in the “green” lineage being present in unicellular green algae (Cognat et al. 2008)

and in most (if not all) gymnosperms and angiosperms (Wenke et al. 2011).

13.1.3 How to Explain the Ubiquitous Presence of SINEs
in Genomes

The ubiquitous presence of SINEs in eukaryotes is usually proposed to result from

their parasitic nature, their expansion by retroposition being faster than their rate of

removal from genomes (Rogers 1985). This hypothesis is apparently supported by
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the general view that SINEs are very different even between closely related species

(i.e., SINEs are evolving in a concerted manner). This “parasitic only” model of

SINE survival in genomes is now being challenged by new data. First, in plants, the

general rate of SINE turnover has been shown to be extremely high (Lenoir et al.

2005; Baucom et al. 2009), yet SINE families are ubiquitous in modern plant

genomes (Wenke et al. 2011). This implies that, using a pure parasitic model for

SINE expansion, the rate of SINE amplification would had to be exceptionally high

in all plant lineages to ensure SINE survival over hundred of million years. Based

on the low level of expression and retroposition of known autonomous plant LINE

partners (Noma et al. 1999, 2000), this scenario seems unlikely. Another possibility

is that new plant SINE families are created de novo from functional RNA module

(i.e., tRNAs) at a very high rate compensating for the regular extinction of older

SINE families, but in that case we should be able to retrace easily the (recent) tRNA

origin of plant SINEs and this is not what is generally observed (Deragon and

Zhang 2006; Wenke et al. 2011). Second, several examples or highly conserved

SINE families have now being found in animals and plants strongly suggesting that

at least some SINE loci are evolving under purifying selection (Gilbert and Labuda

1999; Ogiwara et al. 2002; Bejerano et al. 2006; Fawcett et al. 2006; Akasaki et al.

2010; Piskurek and Jackson 2011). Also, most tRNA-related SINEs that are not

conserved at the primary sequence level have a related RNA structure (Sun et al.

2007), suggesting that selection can also operate at this level. These new data

suggest that the ubiquitous distribution of SINEs in eukaryote may not rely solely

on the parasitic nature of these elements but that selection may come into play from

time to time in a process called exaptation (Brosius and Gould 1992).

Exaptation was originally defined as a process in which an existing trait is

acquiring a new function different from a previous one (Gould and Vrba 1982). An

example of exaptation concerns bird feathers that evolved initially as insulation but

were exapted eventually for bird flight. Latter this concept was extended to junk DNA

that can eventually get a “useful” function (Brosius and Gould 1992). Apparently

SINEs are very goodmaterial to be exapted (see below for why this could be the case)

as several cases have been published lately. I will summarize below the data

supporting putative cases of SINEs exaptation in eukaryotes. Table 13.1 summarizes

the strongest evidence of SINE exaptation described in the paper.

13.2 Exaptation of polIII-Specific SINE RNAs

13.2.1 Conservation of SINE RNA Structures

Most SINEs originate from functional RNAs (tRNA, 5S RNA, or 7SL RNA)

(Kramerov and Vassetzky 2005). In the process of becoming a SINE, the postulant

SINE RNA must first evade the ancestral RNA structure to avoid being treated as

the ancestral RNA by some cellular processing factors (Rozhdestvensky et al. 2001;
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Sun et al. 2007). For example, tRNA-related SINE must avoid recognition by

tRNA-processing enzymes, in particular the 30 endonuclease (RNase Z) (Morl

and Marchfelder 2001) that by cleaving the 30-end of SINE RNA would prevent

selection by the LINE machinery (Kajikawa and Okada 2002; Dewannieux et al.

2003). To generate a SINE family, the “new” SINE RNA structure must also be

competent to interact efficiently with LINE products. LINEs are evolving fast to

evade host-repressing factors (Eickbush and Jamburuthugoda 2008). If the SINE/

LINE interaction is the major force shaping SINE RNA structures in evolution, then

these structures should not be conserved over long evolutionary periods. Sun and

collaborators analyzed the RNA secondary structure of many eukaryotes (tRNA-

related) SINEs (Sun et al. 2007). They observed that, as expected, the typical

tRNA cloverleaf structure is not apparent for most SINE consensus RNAs but

that surprisingly common secondary structural motifs are nevertheless present.

Table 13.1 Summary of the main exaptation events involving SINEs

SINE (SINE-

derived) Level of exaptation Level of regulation Species Main references

Alu/B2 RNA (polIII-specific

transcript)

PolII-transcription

(heat shock)

Human/

mouse

Espinoza et al.

(2004),

Yakovchuk

et al. (2009)

Alu RNA (polIII-specific

transcript)

Translation (viral

and other

stresses)

Human Schmid (1998),

Rubin et al.

(2002)

BC200/BC1 RNA (polIII-specific

transcript)

Translation

(neuron)

Human/

mouse

Kondrashov et al.

(2005)

SB1 RNA (polIII-specific

transcript)

miRNAs pathway Arabidopsis Pouch-Pelissier

et al. (2008)

(NMD29) RNA (polIII

Alu-related

transcript)

Cell cycle and

differentiation

Human Castelnuovo et al.

(2010)

(SnaR) RNA (polIII Alu-

related transcript)

Translation (testis,

pituitary gland)

Primates Parrott et al. (2011)

Alu RNA (polII co-

transcript)

Staufen1-mediated

mRNA decay

Human Gong and Maquat

(2011a, b)

ID RNA (polII co-

transcript)

Targeting of

mRNAs to

dendrites

Rodents Buckley et al.

(2011)

CORE-SINE DNA Enhancer function Mammals Santangelo et al.

(2007)

LF-SINE DNA Enhancer function Tetrapods Bejerano et al.

(2006)

Nin-DC-SINE DNA Enhancer function

brain

development

Metazoans Piskurek and

Jackson (2011),

Sasaki et al.

(2008)

B2 DNA Boundary element Mouse Lunyak et al. (2007)

B1 DNA Boundary element Mouse Roman et al. (2011)

256 J.-M. Deragon



Using a cladistic method where RNA structural components were coded as

polarized and ordered multistate characters, they were able to show that indeed

related structural motifs are present in most SINE RNAs from mammals, fishes, and

plants suggesting common selective constraints are imposed on SINEs at the RNA

structural level (Sun et al. 2007). One possibility to explain this result is that before

being able to interact with LINE products, SINE RNAs must survive the many

degradation pathways present in the host. To do so, SINE polIII transcripts are

likely to interact with a limited number of conserved host factors usually involved

in stabilizing functional cellular RNAs. Although the nature of these host factors is

mostly unknown, the La-autoantigen and the Poly(A)-binding protein may be

involved in assembling the SINE ribonucleoprotein complex (RNP) (Goodier and

Maraia 1998; Kremerskothen et al. 1998; Fleurdepine et al. 2007). The necessity for

SINE RNA to interact with conserved stabilizing (RNA-binding) host factors is

likely responsible for the observed selective constraints imposed on SINEs at the

RNA structural level. Of course, a new SINE family can emerge only if these

stabilized polIII SINE RNAs can also interact efficiently with LINE factors and

behave as retroposition intermediates. Therefore, to generate a burst of SINE

retroposition, a compromise must be reached between the RNA structure needed

to evade cellular degradation pathways and the RNA structure allowing LINE-

mediated retroposition. This compromise is unlikely to last since the SINE RNA

structure imposed by the binding of conserved host factors is unlikely to stay

compatible with fast evolving LINE products over long evolutionary periods.

Nevertheless, during the period of SINE retroposition, this compromise will be

amplified, generating a population of slightly different stable noncoding RNAs in

the host. These stable noncoding RNAs represent interesting material to be exapted

to perform a biologically function unrelated with retroposition. Indeed these

slightly different SINE RNPs contain conserved core host functional proteins that

likely can interact with a network of other functional cellular proteins possibly

involved in RNA metabolism (transport, stability, transcription, translation etc.).

SINE RNPs may, therefore, be particularly prone to evolve as regulators of RNA

metabolism. This type of exaptation event may be hard to detect by comparative

genome analysis as selection at the RNA structure level allows SINE primary

sequence to accumulate conservative changes, so that SINE under this type of

selection are not necessary highly conserved at the DNA level even among closely

related species. Also the exapted SINE RNAs can come from many distinct loci

limiting again the action of selection at the primary sequence level. Nevertheless,

the direct consequence of SINE RNA exaptation is that the corresponding (SINE-

like) RNA secondary structure can survive long evolutionary period even if the

SINE family that generated this noncoding RNA dies out. Subsequently, following

the introduction of a new LINE partner for example, transcripts from exapted SINE

loci can be used to reach a new compromise leading to the emergence of a different

SINE family. In that scenario, exapted SINE RNAs (and the loci responsible for

their production) represent a reservoir to initiate new round of retroposition that in

turn generate new materials for further exaptation events. Such a mechanism could

explain the ubiquitous presence of numerous SINE families from protist to human.

If this scenario is correct, we should be able to document cases were SINE RNAs
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are involved in regulating important cellular functions. Also the biological impact

of different SINE RNAs is likely to vary since it results from independent exapta-

tion events. A few cases of putative SINE RNA exaptation supporting this model

have been described recently.

13.2.2 Exaptation of Animal SINE RNA

Rodent tRNA-derived B2 SINE RNAs have been implicated as regulator of polII

transcription during heat shock (Allen et al. 2004; Espinoza et al. 2004, 2007). B2

polIII-specific transcripts accumulate during heat shock and bind specifically to the

polII complex blocking transcription of most genes except the ones coding for heat

shock response factors. B2 RNA is proposed to repress transcription by preventing

polII from properly engaging the DNA after assembling into complexes with

promoter-associated general transcription factors (Yakovchuk et al. 2009). Surpris-

ingly, the 7SL-derived human Alu SINE RNA (but not B1, its rodent equivalent) may

also act in a similar way (Mariner et al. 2008; Yakovchuk et al. 2009). Human Alu-

specific transcripts were also proposed to regulate translation during viral infection

(as well as other stresses) either by binding to PKR (double stranded RNA-activated

protein kinase R) or by an uncharacterized PKR-independent mechanism (Schmid

1998; Williams 1999; Rubin et al. 2002; Hasler and Strub 2006). Alu RNA

accumulates following cell stress and viral infection (Liu et al. 1995; Wick et al.

2003) and modulates PKR activity as does some viral noncoding (polIII) RNAs such

as VA1 and 2 from adenovirus and EBER1 and 2 for Epstein–Barr virus (Maran and

Mathews 1988; Kitagawa et al. 2000). PKR can phosphorylate the eIF2a translation

factor leading to a general downregulation of translation (Williams 1999). PKR plays

also a role in regulating cell apoptosis (Williams 1999) and Alu RNA could be

involved in regulating this process as well. The tRNA-derived BC1 SINE RNA in

rodent also regulates translation in neuron but using a different mechanism

(Martignetti and Brosius 1993b; Kondrashov et al. 2005; Wang et al. 2005; Lin

et al. 2008). BC1 RNAs bind to eIF4A and the poly(A) binding protein (PABP)

sequestering locally key translational factor and preventing 48S preinitiation complex

formation in neurons. BC1 is also a “founder locus” responsible for the amplification

of the ID SINE family in rodent (Kim et al. 1994). This represents a clear example of

an exapted SINE locus that have maintained retroposition activity. A recent second-

ary exaptation of rat ID sequences was also found (Buckley et al. 2011 and see below)

illustrating the potential of successive exaptation/retroposition cycles.

13.2.3 Exaptation of Plant SINE RNAs

A plant tRNA-related SINE (named SB1) is also possibly involved in regulating the

microRNA pathway (Pouch-Pelissier et al. 2008). SB1 SINE RNAs can interact

with a double stranded RNA-binding protein (DRB1) present in association with
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the Dicer-like protein 1 (DCL1), in the major dicer complex involved in microRNA

biogenesis (Mallory and Vaucheret 2006). In Arabidopsis thaliana, the binding of

SB1 RNAs to DRB1 involves the first stem–loop that mimics the structure of a

microRNA precursor, the natural substrate of DRB1 (Pouch-Pelissier et al. 2008).

Following binding, the SINE RNA is cleaved in small 21 nucleotides SB1-related

small RNAs by DCL1. This whole process competes with the cleavage of

microRNA precursors by DCL1, and plants expressing constitutively SB1 RNAs

have a reduced amount of most mature miRNAs and present serious developmental

defects (Pouch-Pelissier et al. 2008). SINE transcription in Arabidopsis is develop-
mentally regulated, as SINE RNAs are only present in roots and flowers (Clavel and

Deragon, unpublished result). One possibility is that plant SINE RNAs are able to

finely tune microRNA production at critical step of plant development. It is

interesting to note that the first stem–loop in the SINE RNA secondary structure

is one of the most conserved features of eukaryote tRNA-derived SINEs (Sun et al.

2007), and competition between SINE RNAs and dicer complexes may take place

in many eukaryotes.

13.2.4 Reorganization of SINE RNAs Leading
to New Riboregulators

Apart from these SINE exaptation events, where the whole polIII SINE transcript

is directly exapted, a number of events where part of a SINE polIII transcript

was reorganized to yield a new functional polIII noncoding RNA have been

documented. The BC200 RNA, a neuron-specific noncoding RNA present in a

single locus in all primates, is a reorganized ancestral SINE Alu sequence

(FLAMC) (Watson and Sutcliffe 1987; Martignetti and Brosius 1993a; Tiedge

et al. 1993; Khanam et al. 2007). Curiously, the 7SL-related BC200 was shown

to be a functional equivalent of the rodent-specific (tRNA-related) BC1 RNA

discussed above (Kondrashov et al. 2005). This example of convergent evolution

support the idea that retroposition is a powerful diversity generating device

providing raw material (in that case, in the form of a population of stable small

noncoding RNAs) that can be adapted to cellular needs by selection. The Alu RNA

sequence was also recycled by retroposition into a noncoding polIII transcript

named NDM29 (Castelnuovo et al. 2010). In human, NMD29 is strongly increased

in differentiating cells (where it leads to a slowdown of the cell cycle) and is

markedly reduced in malignant highly proliferating cells. Indeed, this small non-

coding RNA was shown to promote cell differentiation and reduce malignancy of

human neuroblastoma cells (Castelnuovo et al. 2010). In this case, Alu retroposition

(and its associated shuffling of sequences) generated a new noncoding RNA that

was apparently exapted to control cell cycle. Another very interesting case where

portions of SINE RNA were exapted concerns the snaR family of small noncoding

RNAs in primates (Parrott et al. 2011). SnaR RNAs are polIII transcripts found only
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in human and chimpanzee that bind ribosomes and likely regulate translation in

their tissues of expression (mainly testis and pituitary gland). SnaR RNAs are

produced from multiple loci that arose by segmental duplications. SnaR RNAs

originate from the rearrangement of two families of SINE-like retroposons; the

ASR family present in all monkeys and apes and the related CAS family present

only in Old World Monkey and apes (Parrott et al. 2011). Interestingly both ASR

and CAS evolved from the left monomer of the SINE Alu family. This represent an

illustration of the retroposition/exaptation cycle discussed above. In the common

ancestor of primates, a well-established retroposing SINE family (Alu) gives rise by

retroposition to a copy that, after diverging, was subsequently amplified in a new

retroposition burst to generate the ASR and latter the CAS families. These

sequences continue to amplify and diversify by retroposition until a copy is

rearranged into the first snaR, in the common ancestor of human and chimpanzee.

In that particular case, this snaR copy apparently lost its capacity to retropose and

diversified latter by segmental duplications, but one can imagine that if the first

exapted snaR copy had kept its capacity to retropose, it could have generated a new

SINE family and possibly further exaptation events.

13.2.5 Toxic Effects of SINE RNA Deregulation

Two independent studies, one in animals and one in plants revealed that miss

expressing SINE RNAs can be toxic. The deregulated accumulation of full length

polIII-specific Alu or B1/B2 SINE RNAs in retinal pigmented epithelium (RPE)

cells is responsible for the development of an advanced form of age-related macular

degeneration in human and mice, respectively (Kaneko et al. 2011). The accumu-

lation of SINE RNAs is linked to a depletion of the DICER1 RNase in RPE.

Subretinal injection of Alu RNAs induced RPE degeneration in wild-type mice,

supporting the assignment of disease causality, while injection of tRNA or 7SL

RNA did not (Kaneko et al. 2011). Therefore, Alu RNA-induced RPE degeneration

cannot be attributed solely to its double-stranded nature but more likely to its

precise RNA structure. The mechanism leading to RPE degeneration following

Alu RNA accumulation is not known but results obtained in plants may provide a

first hint. As mentioned above, the deregulated expression of SB1 SINE RNAs in

Arabidopsis is leading to the miss-expression of several microRNAs and to a very

severe developmental phenotype (Pouch-Pelissier et al. 2008). However, only part

of this aberrant phenotype can be linked to the deregulation of the microRNA

pathway. Using a double-stranded RNA binding domain from Xenopus laevis
ADAR1, these authors have shown that the plant SB1 RNA is fit to bind highly

divergent double-stranded RNA-binding protein (dsRBP). Therefore many dsRBPs

could be affected by SINE RNA expression and not only those involved in

microRNA biogenesis or RNAi. This result suggest that SINE RNAs can poten-

tially affect many basic cellular processes involving dsRBPs and highlights the

requirement for the host to strictly control the expression of these elements,

although they are nonautonomous for retroposition.
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13.3 Exaptation of SINE Sequences Present in Messenger RNAs

SINE RNA can also be exapted following the integration of a SINE copy into a

transcribed genic region. It that case, the SINE RNA is produced as part of a

messenger RNA by the polII machinery (polII co-transcription). This type of SINE

RNA exaptation is also potentially very important, but it will not contribute to the

retroposition/exaptation cycle described above. SINE RNAs embedded in polII

transcript have been shown to affect mRNA expression in numerous ways (reviewed

in Ponicsan et al. 2010). However one must distinguish the general impact SINE

sequences may have on mRNA splicing, stability, polyadenylation, edition, nuclear

export, protein production, etc., from precise exaptation events, where a SINE

fragment in a given mRNA has been selected to perform a function important for

host survival. A very convincing example of SINE sequence exaptation in mRNAs

involves the regulation of the Staufen 1 (STAU1)-mediated messenger RNA decay

(SMD) pathway in mammals (Kim et al. 2007; Gong andMaquat 2011a, b). SMD is a

decay pathway that targets a significant amount of mRNAs in various human tissues

(for example, 1.6 % of protein-coding transcripts are targets of SMD in human

epithelial cells). SMD is in competition with the more general nonsense-mediated

mRNA decay (NMD) pathway and this competition contributes to differentiation of

myoblasts to myotubes (Gong et al. 2009). STAU1, as for Arabidopsis DRB1 and

human PKR, possesses two double stranded RNA-binding domains and can bind

structured RNA motifs in the 30UTR of mRNA targets. Gong and Maquat observed

that 13 % of all SMD targets possess a single Alu SINE element in their 30 UTR (this

number is only 4 % for other mRNAs) showing that Alu elements are enriched in

SMD targets relative to the bulk of cellular mRNAs (Gong and Maquat 2011b). They

also show that a STAU1-binding site can be formed in trans by base-pairing between

an Alu element in the 30UTR of a SMD mRNA target and another Alu in a

cytoplasmic, polyadenylated (polII-generated) long noncoding RNAs (lncRNA).

They identified 378 human lncRNAs containing a single Alu element and experi-

mentally confirmed that at least four of them can regulate Alu-containing mRNAs in

a STAU1-dependent manner. Each Alu-containing lncRNA has different binding

properties and therefore different abilities to transactivate STAU1 binding to Alu-

containing mRNAs. These finding strongly suggest that Alu sequences were exapted

to create a mRNA regulatory network (Gong and Maquat 2011b). Another type of

Alu-regulated mRNA network was also proposed to influence cancer development

(Moolhuijzen et al. 2010). Alu-containing mRNAs in cancerous tissues are signifi-

cantly underrepresented in comparison to the situation in normal tissues. In parallel

Alu-siRNAs are increased in the same tissues suggesting that Alu-siRNAs could be

involved in downregulating Alu-containing mRNAs in cancer cells (Moolhuijzen

et al. 2010). However, for the moment, direct experimental evidences are lacking to

support the existence of such a network. Another interesting, but more recent case of

exaptation of SINE sequences in mRNAs, concerns the use of rat SINE ID sequences

for the targeting of different mRNAs to the dendrites (Buckley et al. 2011). As

mentioned above, ID elements are derived retroposed copies of the BC1 RNA

(Kim et al. 1994), a regulator of neuron translation in rodent. ID elements are highly
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abundant in rats with approximately 150,000 copies while the mouse genome

contains only around 1,000 copies (Buckley et al. 2011). Buckley and collaborators

observed that introns are retained in a number of rat dentritically targeted mRNAs

and that many of the retained introns contain ID elements. A portion of these SINEs

was shown to be essential for targeting different essential mRNAs to the dendrites

and by doing so to alter the distribution of endogenous proteins in neurons. The ID

sequence was, therefore, exapted to work as a common dendritic-targeting element

across multiple RNAs. This exaptation event is recent (less than 20 million years),

and the very high copy number of ID elements in rats, compared to other rodents, is

likely to have favored this rapid functionalization.

No clear example of the functional use of SINE sequences as part of plant

mRNAs have been described yet. However the situation in maize is intriguing. In

this plant, 1,190 out of 1,991 SINE copies (60 %) are found within transcribed genic

regions that represent less than 15 % of the maize genome (Baucom et al. 2009).

Furthermore, the presence of SINEs in transcribed maize region is apparently

affecting splicing. Indeed, 88 % of the 767 maize genes with an intronic SINE

possesses alternative mature mRNAs, compared to 33 % for the bulk of maize

genes (Personal unpublished results). Reasons for these strong biases are unknown,

but it should be interesting to investigate whether or not maize SINE sequences

have been exapted to modulate splicing in this species.

13.4 Exaptation of SINE-Related DNA Modules:

The Ultraconserved SINEs

The recent discovery that a few SINE families were conserved for several hundred

million years was completely unexpected. SINEs are usually presented as noncoding

and nonfunctional pieces of DNA and are expected to drift rapidly as for any

nonfunctional DNA sequences. As discussed above, even in the hypothesis that

SINE RNAs may evolve under some type of selection, this should not lead to a

high conservation of SINE primary sequences over long evolutionary periods. Con-

sequently SINEs from different species (even closely related species) are usually

completely different (Kramerov and Vassetzky 2005, 2011; Deragon and Zhang

2006; Wenke et al. 2011). This “concerted” mode of evolution is used as a strong

argument against the possibility that SINEs may perform any type of biologically

important function. However, the discovery of ultraconserved SINE families revealed

that a least some SINE DNA modules must evolve under strong purifying selection.

13.4.1 CORE-SINEs

The first ultraconserved SINE family discovered the CORE-SINE family (Gilbert

and Labuda 1999, 2000) is present in the genomes of mammals, reptiles, birds, and

mollusk and, therefore, survived for more than 550 millions years. This element
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gave rise to a number of different SINE subfamilies such as the mammalian-wide

interspersed repeats (MIRs) that all share a common 65-bp “core sequence.”

Although CORE-SINEs are no-longer retropositionally active in eutherians, they

are in marsupials and monotremes (Kirby et al. 2007; Munemasa et al. 2008). The

reason for the high conservation of the core sequence was thought initially to be

selfish. This core region could stabilize SINE RNA and its capacity to interact with

its LINE partner (Gilbert and Labuda 1999). However this scenario appears

unlikely as LINE partner in the various species are evolving at a very fast rate

(see above), and the core domain should do the same and diverge rapidly. Another

possibility is that the core domain strongly enhanced the probability of fusing de

novo tRNA sequence with a 30-tail composed of simple repeats, generating over and

over new SINEs with the same internal domain (Gilbert and Labuda 1999, 2000). In

theory, high recombination activity of the core domain could explain its conserva-

tion but it is mechanically very difficult to see how this short motif could perform

this task and why core sequence should be conserved over long evolutionary period

once retroposition has stopped in a given lineage (as for CORE-SINE in eutherians

for example). A third possibility is that the core domain possesses an independent

function in genomes and that its presence in multiple copies may be advantageous

for host survival. This could explain why the core domain was conserved for long

evolutionary periods even in lineages where the CORE-SINE family is no longer

retropositionally active. Recently, this third hypothesis was supported by the

observation that a key neuronal enhancer of the proopiomelanocortin gene

originated from the exaptation of a CORE-SINE retroposon in the common ances-

tor of all mammals 170 million years ago (Santangelo et al. 2007). The same

authors observed that several highly conserved exonic, intronic, and intergenic

sequences in mammalian genomes also originated from the exaptation of CORE-

SINE. Therefore, the core domain is likely to be under selection for its capacity to

act as an enhancer (or contribute otherwise to gene expression).

13.4.2 LF-SINEs

A similar situation to the CORE-SINE was found latter for two other SINE families,

LF-SINEs (Bejerano et al. 2006) and Nin-DC-SINEs (Piskurek and Jackson 2011).

The LF-SINE family was active in the common ancestor of lobe-finned fishes and

terrestrial vertebrates at least 410 million years ago. It is no longer retropositionally

active in tetrapodes but is still active in the modern genome of the coelacanth. The

consensus LF-SINE, made using the recent copies found in the coelacanth genome,

is 481 bp and many human LF-SINEs are 80 % identical over nearly their entire

length to the coelacanth consensus, strongly suggesting that the whole LF-SINE

sequence is under selection. Supporting this view is the observation that hundreds of

LF-SINEs detected in tetrapodes form orthology groups, in which each orthologue

is in the same relative location with respect to the surrounding genes in all tetrapodes

where it is present (Bejerano et al. 2006). Also examination of the orthology groups
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revealed that they all evolved significantly more slowly than would be expected

assuming neutrality indicting that in most (if not all) instances, LF-SINEs in

tetrapods have been exapted into cellular roles benefiting the host. Experimental

work confirms that one LF-SINE copy is used in human (and likely in all tetrapods)

as enhancer for the neuro-developmental gene ISL1 (Bejerano et al. 2006). Another

copy codes for an ultra-conserved 31-amino-acid residue alternatively spliced exon

of the messenger RNA processing gene PCBP2 (Bejerano et al. 2006).

13.4.3 Nin-DC SINEs

The Nin-DC SINE family emerged in the common ancestor of all metazoan more

than 600 million years ago (this family was formerly named Deu-SINE since it was

first found in many Deuterostomian species) (Piskurek and Jackson 2011). All Nin-

DC SINEs possess a central conserved domain of around 300 bp named the Nin-

domain (formerly the Deu-domain). Nin-DC-SINEs are found in representatives of

Deuterostomia, Lophotrochozoa, Ecdysozoa, and Cnidaria making this family the

most phylogenetically widespread SINE currently known. All Nin-DC-SINEs pos-

sess, in addition to the central Nin-domain, a 50 tRNA-related polIII promoter region

and a variable 30 tail repeat sequence both unique to each metazoan. Therefore

different metazoan lineages possess different subfamilies of Nin-DC-SINEs (the

same is true for CORE-SINEs). Nin-DC SINEs are probably retropositionally active

in metazoan, except in amniotes were they lost this capacity (Piskurek and Jackson

2011). Clear examples of Nin-DC-SINE exaptation were found by looking closely at

mammalian genomes. Two copies of AmnSINEs (the amniote-specific variant of

Nin-DC-SINE) were shown experimentally to be responsible for the correct expres-

sion of two genes (FGF8 and SATB2) both involved in mammalian brain develop-

ment (Nishihara et al. 2006; Sasaki et al. 2008; Okada et al. 2010). Since more than

100 AmnSINE loci are highly conserved in all mammals, it is proposed that the

mammalian-specific exaptation of AmnSINEs have contributed significantly to the

morphological evolution of the mammalian-specific characters (Okada et al. 2010).

By analogy to the mammalian situation, it is also possible that exaptation events of

Nin-DC-SINEs in other metazoan lineages contributed to their evolution.

13.4.4 Other Ultraconserved SINEs

Three other ultraconserved SINE families have been identified: the Ceph-SINEs

(Akasaki et al. 2010), the V-SINEs (Ogiwara et al. 2002), and the plant-specific Au-

SINE (Fawcett et al. 2006). The Ceph-SINEs amplified in the common ancestor of

cephalopods (around 500 million years ago). The V-SINE apparently amplified in

the common ancestor of all vertebrates (around 550 million years ago) but was

subsequently lost in many lineages (i.e., in all amniotes and in the Salmonidei).
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Ceph-SINEs and V-SINEs possess a central conserved domain and more variable 50

and 30-region much like CORE-SINEs and Nin-DC-SINEs. The plant-specific

Au-SINE amplified in a common ancestor of gymnosperm and angiosperm, more

than 320 million years ago (Fawcett et al. 2006; Yagi et al. 2011). Like for

V-SINEs, Au-SINEs present a patchy distribution. Copies of Au-SINEs are found

in a few gymnosperms, in a basal angiosperm (Asimina triloba) and in many

Gramineae, Solanaceae, and Fabaceae species but not in rice and Arabidopsis
thaliana (Fawcett et al. 2006; Yagi et al. 2011). A phylogenetic tree constructed

using Au-SINE sequences is fully compatible with a vertical transmission of these

sequences and do not support horizontal transfer as a mechanism likely to explain

the patchy distribution observed (Fawcett et al. 2006). As for LF-SINE, Au-SINE

consensus sequences are more than 80 % identical over nearly their entire length

among various plants species. Although SINEs are widespread in plants (Wenke

et al. 2011), the Au-SINE is for the moment the only case of SINE conservation for

long evolutionary time in that kingdom. It is likely that Ceph-SINE, V-SINE, and

Au-SINE survival for several hundred of million years involved exaptation and

selection at some point, although no case of exaptation has been described for them

yet. It would be interesting to investigate the functional impact of these sequences

and to determine, as for CORE-SINEs, LF-SINEs, and Nin-DC-SINEs, if they form

clear orthology groups.

13.4.5 Sequence Conservation Does Not Necessarily
Implies Retroposition

It is intriguing to see that SINE sequence conservation does not necessarily implies

conservation of retroposition capacity for the corresponding family. For example,

the CORE-SINE family lost its retroposition capacity in eutherians but kept

amplifying in marsupials and monotremes (Kirby et al. 2007; Munemasa et al.

2008). LF-SINEs kept amplifying in the coelacanth lineage (for more than 410

million years) while their retropositition capacities was lost in tetrapodes (Bejerano

et al. 2006). Nin-DC-SINEs kept amplifying in all metazoans except in amniotes

(Piskurek and Jackson 2011). Could the retroposition of an ultraconserved SINE

family be under selection?What could be the advantage of keeping the retroposition

capacity of a given SINE family over long evolutionary period? How can this be

achieved? Obviously, amplifying a functional SINE DNA module that possesses

gene regulating properties may lead, following selection, to major innovations.

However, this putative long-term advantage of retroposition is not accessible to

selection and the reason why some SINE families kept their retroposition capacities

for very long evolutionary periods must depend on more immediate constraints. If a

given SINE locus is under selection for both generating a functional RNA and acting

as a regulatory DNA module, then evading retroposition competency by mutation

may be difficult without altering any of these two functions. This double selection

hypothesis is compatible with the fact that these ultraconserved SINEs are part of the
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most evolutionarily constrained regions in eukaryotes (Bejerano et al. 2006).

Keeping ultraconserved SINE retroposition competency may result in conserving

a SINE copy that is both critical for host survival and retropositionally competent. In

that scenario, the lineage that lost retroposition competency managed to destroy this

amplification capacity without altering the two cellular functions. However,

lineages that did not evolve this solution may have a higher potential for variability

on the long term. It still remains difficult to understand how LINE partners managed

to stay in tune with the same SINE sequence over such long evolutionary periods.

One possibility is that at least part of the LINE sequence (coding for factors involved

in RNA selection?) was also, in the same time period, stabilized by selection.

Putative examples of LINE sequence exaptation have been described (reviewed in

Kazazian 2004). In conclusion, I suggest that the very strong evolutionary

constraints imposed simultaneously on ultraconserved SINEs at the DNA and

RNA levels are responsible for their exceptionally long evolutionary retroposition

period. This, in turn, may have been key in achieving some critical adaptations

during eukaryote evolution (Okada et al. 2010).

13.5 Recent Cases of SINE-Related DNA Module Exaptation

Other more recent cases of SINE-related DNA module exaptation, not involving

ultraconserved SINE, have been described recently. A B2 SINE was shown to act in

chromatin as a boundary element regulating the mouse growth hormone (GH) gene in

a developmental and tissue-specific manner (Lunyak et al. 2007). The bidirectional

transcription of this B2 element (by polIII for the sense transcript and polII for the

antisense transcript) is essential to reposition the GH gene from a heterochromatic

region to a more permissive euchromatic environment during pituitary development

leading to its activation. How bidirectional transcription of the B2 SINE results in

boundary element function is not yet understood. A subfamily of the mouse SINE B1

(called B1-X35S) was also shown recently to have potent intrinsic boundary activity

in cultured cells and live animals (Roman et al. 2011). Here again the B1 element

needs to be transcribed by polIII to act as boundary, but this activity is strongly

enhanced by the binding of two transcription factors (AHR and SLUG) and the

engagement of polII to generate a second transcript on the same strand. Since a copy

of B1-X35S is found in the promoter region of more than 1,300 mouse genes, it

suggests that this SINE subfamily as a widespread impact on gene expression that

may be important during normal development as well as in pathological conditions.

13.6 Conclusions

Why SINEs are so prone to exaptation compared to other type of repeats? SINEs are

noncoding elements so that a given SINE RNA cannot depend on its own trans-

lation product to be stabilized and must rely on host factors for survival.
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Most SINEs originate ancestrally from a highly conserved functional RNAs (tRNA,

7SL RNA or 5S RNA) and are transcribed by the polIII machinery. This situation

likely favors the recruitment of similar host stabilizing factors on any given SINE

RNA. Resulting SINE RNPs may be prone to exaptation since they contain core

functional proteins that can interact with a network of other functional cellular

proteins possibly involved in RNA metabolism. Also, retroposition of small SINEs

is better tolerated in genomes (compared to the amplification of larger transposable

elements) so that SINEs can sometime amplify to very high copy numbers, like in

the mammalian lineage. The diversity generated by retroposition (that involves

point mutations, insertions, deletions, and sequence shuffling), the high copy

numbers of some SINE families, associated to the fact that SINEs possess an

internal polIII promoter that can bind key transcription factors and chromatin

regulators (Nikitina et al. 2011), makes secondary exaptation of SINE DNA

modules likely. Therefore, SINE RNA and SINE DNA have both an intrinsically

high potential for exaptation and retroposition generates the diversity on which

selection can act to functionalize these sequences. I propose that SINE survival in

genomes depends mainly on their parasitic nature coupled to the capacity of SINE

RNAs to be exapted over relatively short evolutionary period. The capacity of

SINEs to amplify to high copy numbers and to diversify can lead, in some cases, to

secondary exaptation events where the SINE primary sequence is also recruited to

perform a function. The two levels of selection (RNA and DNA) can possibly work

in parallel leading to the conservation of SINE sequence over long evolutionary

periods (i.e., ultraconserved SINEs). However, I suggest that in most cases selec-

tion at the RNA level is the major force driving SINE evolution leaving the SINE

primary sequence (except for the internal polIII promoter) relatively free to change

as long as key secondary RNA motifs are maintained. The number of documented

cases of SINE RNA exaptation is at the moment too limited to confirm this

retroposition/exaptation model, but if more cases were to be found it could provide

an explanation to a long-standing question: how these so-called parasitic SINEs

managed to colonize most eukaryote genomes so efficiently?
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Chapter 14

LTR Retrotransposons as Controlling Elements

of Genome Response to Stress?

Quynh Trang Bui and Marie-Angèle Grandbastien

Abstract Transposable elements can impact gene expression and regulatory patterns.

This is particularly true for LTR retrotransposons, whose Long Terminal Repeats

(LTRs) promoter/regulatory capsules are present at both ends of the element and

make themparticularly prone to influencing adjacent genes. LTRs can act as promoters,

as sources of regulatory sequences, or initiate antisense transcripts regulating gene

expression. As a consequence, LTR responses to specific stimuli can influence adjacent

host genes and contribute to the organism’s response to these stimuli. Most plant LTR

retrotransposons are activated in response to stress or environmental changes, and in

this review, we will update current data on this stress response. After a short journey

across the animal kingdom, where the regulatory impact of LTRs is well documented,

we will present recent reports suggesting that LTRs may also play a role in the

modulation of gene expression and in the generation of phenotypic plasticity in plants.
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14.1 Transposable Elements: A “Functionalist” Perspective

In spite of their abundance and role in genome restructuring and fluidity, transposable

elements (TEs) have for a long time been considered as parasitic junkDNA and at best

as “mortar” elements of the chromosomal structure. Nevertheless, TEswere originally

named “Controlling Elements” by Barbara McClintock in the 1940s, the official

terminology “Transposable Elements” arising only decades later. More important

than the concept of DNA mobility that led to a Nobel Prize in 1983, McClintock

actually considered the ability of these mobile elements to modify gene expression as

their fundamental characteristic, being convinced from the beginning that they were

involved in regulating cellular differentiation during development: “The real point is
control. The real secret of all of this is control. It is not transposition” (McClintock

cited in Comfort 1999, an excellent review on the early evolution of concepts on TEs).

Discarded for a long time, this prescient view has received support in the past

decade, where experimental evidence for a central role of TEs in the diversification

and modulation of genic functions has accumulated. Upon insertion in or next to

coding regions, TEs impact gene expression and function in various ways. Besides

disrupting gene function, TEs can be exapted in coding or noncoding regions, a

process that leads to the creation of splicing variants and new proteins. More

importantly, TEs themselves are subject to transcriptional and epigenetic regulations

in response to developmental cues and external stimuli. As a consequence, host genes

can be placed under the control of these TE responses, either under direct control of

neighboring TE promoter/regulatory sequences or via RNAi pathways. The ability of

TEs to respond to specific signals, combined with their repetitive and widespread

nature, is thus expected to be fundamental to the fine-tuning of gene expression and

function. These TE-generated variations may significantly expand the functional

potentialities of genes and the diversification of their activities, bearing important

consequences for the generation of phenotypic diversity. There is now a growing

interest by the scientific community in this “functionalist” view of mobile elements,

by which TEs can be considered as “distributed genomic control modules” (Shapiro

2005) at the core of regulatory networks, leading to reprogramming of batteries of

genes as part of the organism’s response to specific stimuli.

This is particularly true for a specific type of TE, the LTR (Long Terminal

Repeat) retrotransposons, or retroviral-like elements, whose LTRs can act as

promoter and/or regulator of the expression of adjacent cellular genes. The role

of retroviral LTRs in driving the large-scale coordinated regulation of host cellular

genes and in shaping regulatory networks is now well documented in mammalian

models. In plants, a growing body of evidence suggests their potential involvement

in the modulation of gene expression in response to several stimuli, notably stresses

and external challenges, the prevailing conditions of activation for plant

retrotransposons. In this review, we will update current data on the stress response

of plant LTR retrotransposons, and on recent reports suggesting that this response

may play a role in the modulation of host gene expression.
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14.2 Plant LTR Retrotransposons and Stress

14.2.1 LTR Retrotransposon Life Cycle

LTR retrotransposons are the predominant class of TEs in plant genomes and

can represent over 80% of the DNA of cereals with large genomes. Overlying

polyploidy, they are primary agents of genome size differences (for a review, see

Chap. 3). LTR retrotransposons are found in a variety of diverse types (Wicker et al.

2007; see Chap. 1), that all have common features (and a common origin) with

vertebrate retroviruses, hence their frequent designation as retroviral-like elements.

Like all retroelements, the amplification of LTR retrotransposons involves

reverse transcription of an RNA template into a daughter DNA copy subsequently

inserted into the genome (for a detailed description of the LTR retrotransposon life

cycle, see Chap. 5). LTR retrotransposons are bounded by two Long Terminal

Repeats (LTRs) that are identical in newly inserted copies. The proteins required

for the retrotransposition cycle are encoded between the two LTRs, and transcrip-

tion of the full length LTR-to-LTR template RNA is initiated in the 50 LTR and

ends in the 30 LTR. The LTRs contain the functional signals required for transcrip-

tion (promoter, transcriptional start, transcriptional end), as well as a significant part

of the regulatory sequences that determine expression patterns. As a consequence

the functional integrity of the LTR is a key feature of the element’s life cycle and of

its amplification patterns.

14.2.2 Plant LTR Retrotransposon Response to Stress

With few exceptions, most LTR plant retrotransposons are inactive under normal

plant development and are frequently activated under stress conditions or in response

to environmental changes. Transcriptional activation, and sometimes mobilization, of

plant LTR retrotransposons has been documented after in vitro tissue culture, a

process that involves cellular dedifferentiation and activation of plant defense

responses, and in response to a variety of biotic and abiotic environmental challenges.

The response of LTR retrotransposons to genome shocks such as interspecific crosses

and allopolyploidy has also been documented and will not be reviewed here, as it is

presented in Chap. 9.

LTR retrotransposon stress responses were particularly well studied in tobacco,

where a tight connection has been established since the 1990s between expression

of the two best known plant LTR retrotransposons, Tnt1A (Grandbastien et al.

1989) and Tto1 (Hirochika 1993), and stress response pathways (reviewed in

Grandbastien 1998; Grandbastien et al. 2005). Tnt1A was originally detected in

plants regenerated from protoplast-derived cell cultures and its expression is

strongly activated by biotic stresses such as pathogen inoculations and microbial

factors. Tto1 is similarly activated by various biotic stresses, as well as by tissue
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culture (see Takeda et al. 2001 and references therein), a stimulus that only poorly

activates Tnt1A in its original host, indicating subtle differences between the two

elements in their stress response. Tnt1A and Tto1 expression is also activated by

wounding and by intermediates in the plant defense responses such as salicylic acid

and methyl jasmonate, and is detected in roots of healthy plants, a tissue in which

stress responses are known to be activated.

Activation in various stress conditions has also been reported for a large number of

other LTR retrotransposons, and a current update of elements for which differential

expression in stress conditions has been formally reported is presented in Table 14.1.

Stress-related expression of many other LTR retrotransposon sequences was also

detected through genome-wide analysis such as nonspecific RT-PCR targeting of

reverse transcriptase domains, differential display, production of EST collections, or

microarray analyses (Table 14.2). These global studies were generally not associated

with further evaluation of the stress response of each individual element; they,

however, frequently point out an increase in the frequency of LTR retrotransposon

sequences in transcriptome data obtained in stress conditions. High-throughput

analyses such as LTR retrotransposon tiling arrays (Picault et al. 2009) or next-

generation resequencing (Sabot et al. 2011; Miyao et al. 2012; see Chap. 4) have been

recently successfully developed in rice to demonstrate expression of retrotransposons

in tissue culture, as well as their amplification in plants regenerated from tissue

culture.

14.2.3 LTRs as Autonomous Promoter/Regulatory Capsules

Studies of structural features involved in LTR retrotransposon stress-response all

demonstrate the involvement of LTR sequences in this regulation, and the striking

similarities of their regulatory regions, notably the U3 region located upstream of

the transcription start (see Fig. 14.1a), with those of plant stress response genes. For

instance, Tnt1A expression features involve several U3 cis-acting elements similar

to well-characterized motifs involved in the activation of defense genes, such as a

G-box and repeated H-boxes, and parallels tightly the expression of host defense

genes (detailed in Grandbastien et al. 2005). Tnt1-related elements present in

tomato and related species, Retrolyc1/TLC1, also display stress-related expression

mediated by repeated U3 regulatory motifs similar to those plant defense genes

(Tapia et al. 2005; Salazar et al. 2007). Activation of the Tto1 tobacco

retrotransposon also parallels the expression of host defense genes and involves

tandemly repeated U3 sequences carrying H-boxes, and activation of Tto1 is

mediated via binding to these U3 motifs of a stress-inducible transcription factor

NtMYB2 that is also involved in activation of the PAL defense gene (see Takeda

et al. 2001 and references therein).

LTR involvement in the response to environmental changes has been shown for

many other elements, such as for the rice Tos17 element (Hirochika et al. 1996), and

BARE-1 of barley, whose LTR is involved in expression in calli and contains U3
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ABA response elements typical of water stress-induced genes (Suoniemi et al. 1996;

Chang and Schulman 2008). Similarly, the LTR of the ABA-responsive FaRE1

element of strawberry also contains regulatory motifs associated with response to

ABA and stress (He et al. 2010), and the U3 of the cold-responsive MCIRE element

ofMedicago sativa contains a LTRE-low temperature responsive regulatory element

(Ivashuta et al. 2002). U3 cis-acting motifs of the stress-responsive Tdt1 element of

Table 14.1 Plant LTR retrotransposons differentially expressed in response to external

challenges (listed by chronological order of first report)

LTR-RT Species

Induction of expression (E)

or amplification (A) References

Bs1 Zea mays Virus infection (A) Johns et al. (1985)

Tnt1 Nicotiana
tabacum

Protoplasts, microbial factors (E, A),

elicitins, wounding, pathogen

inoculations, JA, SA (E)

Grandbastien et al. (1989)

Tto1 Nicotiana
tabacum

Protoplasts, cell and tissue cultures

(E, A), microbial factors, wounding,

pathogen inoculations, JA, SA (E)

Hirochika (1993)

BARE-1 Hordeum
vulgare

Protoplasts, tissue culture (E) Suoniemi et al. (1996), Chang

and Schulman (2008)

Tos17 Oryza sativa Tissue culture (E, A) Hirochika et al. (1996)

PsrA, PsrB,

PsrC

Pisum sativum Protoplasts and/or fungal elicitor (E) Kato et al. (1999)

BARE-1 Hordeum
spontaneum

Microclimatic changes (A) Kalendar et al. (2000)

OARE1 Avena sativa UV light, wounding, fungal inoculation,

JA, SA (E)

Kimura et al. (2001)

MCIRE Medicago sativa Cold stress (E) Ivashuta et al. (2002)

ZmMI1 Zea mays Cold stress (E) Steward et al. (2002)

Rtsp-1 Ipomoea batatas Tissue culture (E, A) Tahara et al. (2004)

TLC1

(Retrolyc1)

Solanum
chilense

Ethylene, ABA, JA, SA, H2O2 (E) Tapia et al. (2005), Salazar et al.

(2007)

Hopscotch-like Saccharum
officinarum

Tissue culture, endophytic bacterial

inoculation (E)

Araujo et al. (2005)

Morgane Triticum
aestivum

Nitrogen stress, fungal infection (E) Sabot et al. (2006)

CIRE1 Citrus sinensis Wounding, phytohormones (E) Rico-Cabanas and Martı́nez-

Izquierdo (2007)

Reme1 Cucumis melo UV light (E) Ramallo et al. (2008)

CLCoy1 Citrus limon Wounding, salt stress, cell culture (E) De Felice et al. (2009)

Lullaby Oryza sativa Tissue culture (E, A) Picault et al. (2009)

MERE1 Medicago
truncatula

Tissue culture (E) Rakocevic et al. (2009)

Osr23, Osr36,

Osr42

Oryza sativa Space flight (¼ multiple environmental

factors) (A)

Long et al. (2009)

FaRE1 Fragaria x
ananassa

Phytohormones, including ABA (E) He et al. (2010)

Ttd1a Triticum durum Salt and light stress (E, A) Woodrow et al. (2011)

ONSEN Arabidopsis
thaliana

Heat (E) Ito et al. (2011)

Tcs1, Tcs2 Citrus sinensis Cold (E) Butelli et al. (2012)

JA jasmonic acid, SA salicylic acid
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Table 14.2 Other LTR retrotransposons detected in stress-related conditions by genome-wide

analyses (listed by chronological order of first report)

Species Strategies Activation conditions References

Expression

Oryza sativa RT-PCR of pol domain Cell culture-derived protoplasts Hirochika et al. (1996)

Solanum

tuberosum

RT-PCR of pol domain Protoplasts Pearce et al. (1996)

Nicotiana

tabacum

RT-PCR of pol domain BY2 cell culture-derived

protoplasts

Hirochika (1993)

Nicotiana

attenuata

cRNA differential display Herbivorous insect leaf damage Hermsmeier et al. (2001)

Avena sativa RT-PCR of pol domain Tissue culture Kimura et al. (2001)

Gramineae spp. EST collections Cell culture, stress-induced

plants

Vicient et al. (2001)

Triticeae spp. EST collections Various biotic and abiotic

stresses

Echenique et al. (2002)

Sorghum bicolor RT-PCR of pol domain Tissue culture, protoplasts Muthukumar and Bennetzen

(2004)

Saccharum

officinarum

EST collections þ
macroarrays

Tissue culture Araujo et al. (2005)

Arabidopsis

thaliana

Microarrays Calli derived from habituated

cell culture

Pischke et al. (2006)

Agrostis spp. cDNA libraries Fungal disease (?) Rotter et al. (2007)

Triticum

aestivum

cDNA differential display Mycotoxin Ansari et al. (2007)

Hordeum

vulgare

cDNA differential display Senescence Ay et al. (2008)

Coffea spp. EST collections Calli, cell cultures treated with

fongicide or salt, parasitic

infections, water stress

Lopes et al. (2008)

Arabidopsis

thaliana

Microarrays Tissue culture, suspension cells Tanurdzic et al. (2008)

Oryza sativa Tiling arrays Tissue culture Picault et al. (2009)

Arabidopsis

thaliana

Microarrays Salt, osmotic and cold stress,

ABA treatment

Zeller et al. (2009)

Triticum

aestivum

Microarrays Water stress Aprile et al. (2009)

Zea mays EST collections Cell culture Vicient (2010)

Zea mays Microarrays Water stress Lu et al. (2011)

Vitis vinifera Microarrays Ripening process (oxydative

stress)

Fortes et al. (2011)

Pissodes strobi Microarrays Downregulated in weevil

resistant genotypes

Verne et al. (2011)

Oryza sativa RNA-seq Atrazine (herbicide) Zhang et al. (2012)

Mobility

Oryza sativa NGS genome resequencing Tissue culture-derived plant Sabot et al. (2011)

Oryza sativa NGS genome resequencing Tissue culture-derived plants Miyao et al. (2012)
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Fig. 14.1 Examples of LTR-mediated gene regulation mechanisms. (a) Structure and transcrip-

tional features of LTR retrotransposons: the element is bounded by two Long Terminal Repeats

(LTRs) that are identical in recently transposed copies. LTRs carry promoter (P), transcriptional

start (TSS), and regulatory sequences (blue boxes), and the RNA template used for amplification is

initiated at the U3/R boundary in the 50 LTR and ends at the R/U5 boundary in the 30 LTR. (1) The
30 LTR also contains promoter, TSS, and regulatory sequences, and can drive the readout

cotranscription of downstream adjacent sequences. (2) LTRs can also carry cryptic antisense

promoters driving the readout cotranscription of upstream adjacent sequences from the 50 LTR.
(3) Template RNAs sometimes fail to terminate in the 30 LTR and can extend readthrough

transcripts in downstream sequences. (b) When inserted upstream from genes, 30 LTR can act as

promoter by initiating transcription or provide cis-regulatory sequences such as binding sites for

transcription factors. (c) When inserted in antisense to the gene (or using cryptic antisense

promoters), LTRs can initiate antisense transcripts that may downregulate the target gene. (d)

LTR retrotransposons can also transfer epigenetic regulations such as DNA or histone methylation

to adjacent genes or be source of small RNAs (sm) that can regulate distant genes. These a few

examples of the multiple possibilities of genic impact of LTRs that vary depending on their

orientation regarding the adjacent genes and on their position in the genic sequence
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durum wheat are involved in DNA-protein binding in salt and light stress conditions

(Woodrow et al. 2011), and LTRs of the heat-responsive Onsen element of

Arabidopsis contain heat response motifs (Ito et al. 2011). Although the presence

of regulatory motifs has not been analyzed, the U3 region of a Hopscotch-related

element of sugarcane is also able to drive expression specifically in callus tissues

(Araujo et al. 2005). Defense response-related putative regulatory cis-elements were

reported in the LTR of the HACRE1 element of sunflower (Buti et al. 2009), CARE1

element of Cicer arietinum (Rajput and Upadhyaya 2009), Cotzilla element of Beta
vulgaris (Weber et al. 2010), and in various LTRs recovered from Phaseolus vulgaris
(Galindo et al. 2004).

The recurrent maintenance of such specific regulatory features show that

environment-induced activation of plant retrotransposons is directly linked to their

hijacking of the host regulatory machinery and their merging with plant stress

response pathways, and points out the functional importance of plant LTR

retrotransposon response to stress. In addition, the Tnt1 family displays an

intriguing pattern of evolution of LTR regulatory regions (reviewed in Grandbastien

et al. 2005). The Nicotiana Tnt1 family is composed of subfamilies of elements that

mostly differ from Tnt1A in their U3 sequences and in their response to slightly

different stresses. This pattern extends to other Tnt1 hosts, with Retrolyc1/TLC1

elements of tomato species also composed of subfamilies differing in their U3

region from each other and from their Nicotiana relatives, and Retrosol elements

of potato carrying variable U3 sequences differing from the U3 regions ofNicotiana
and tomato Tnt1 elements (Manetti et al. 2009). Thus, the U3 molecular variability

appears to be a general characteristic of Tnt1 retrotransposons across Solanaceae.

All U3 variants functionally analyzed so far have maintained an ability to respond to

stress, but this response is mediated by different regulatory motifs and displays

subtle differences, possibly involving different molecular pathways. Such conver-

gence towards the maintenance of regulation associated with environmental

challenges strongly points out towards a crucial importance for this association,

whether for the survival of elements or for some benefit to their hosts.

14.3 A Structural Impact of Retrotransposon Stress Response?

In spite of the tight correlation between the expression features of many LTR

retrotransposons and plant stress responses, direct evidence of stress-induced ampli-

fication is to this day mostly restricted to artificial systems such as tissue culture or

plants regenerated from tissue culture (Table 14.1) that very poorly reproduce

naturally in planta natural environmental challenges. Similarly, the amplification of

Tnt1A in response to microbial factors was monitored using an in vitro experimental

system, and Tnt1A amplification was not demonstrated in response to in planta

infections. A few exceptions include the mobilization of rice retrotransposons (as

well as other TEs) in plants derived from seeds submitted to spaceflight, an environ-

ment characterized by multiple stress factors (Long et al. 2009), and a recent report of
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mobilization of Ttd1a in durum wheat submitted to light and salt stresses (see

Woodrow et al. 2011). The mobility of Bs1 was also initially detected in progeny

of virus-infected maize plants (Johns et al. 1985), although a direct link between Bs1

mobility and viral infection remains to be confirmed.

From such scattered evidence, a significant role of LTR retrotransposons in host

genome restructuring in response to external challenges cannot be really be inferred

in plants so far, let alone any possible adaptive role of these changes. Nevertheless,

some significant, albeit indirect, examples of potential large-scale impact of

retrotransposon mobilization by stress have been reported. The most notable is

certainly a seminal study that showed that the genomic BARE-1 content of natural

wild barley populations increased linearly (up to 25%) with increasing altitude and

aridity (Kalendar et al. 2000), an observation that correlates with the presence of

ABA-response elements in BARE-1 LTR. The proliferation of LTR retrotransposons

was also reported in hybrid sunflower species that evolved in extreme conditions such

as a desert environment or saline marshes (Ungerer et al. 2006).

The paucity of data relative to LTR retrotransposon mobilization by stress may

simply be due to experimental limitations preventing easy detection of somatic

stress-induced transpositions in natural stress conditions. It may as well be due to

possible restrictions in the transmission of new transpositions to the progeny,

especially in the cases of pathogen-related stress, that usually affect the host

plant somatically.

14.4 Functional Impact of LTR Retroelements

Upon insertion in or next to genic regions, TEs can create mutant phenotypes. This

ability to modulate gene expression and function was at the origin of their discovery

by B. McClintock. It was thus unsurprising, yet elating, to discover much later on

that the wrinkled-seed pea character upon which Gregor Mendel established the

basic laws of modern genetics was actually due to a transposon insertion into a

starch-branching enzyme (Bhattacharyya et al. 1990). Farsighted early reports

pointed out the potential importance of TEs in functional variations (McDonald

1990; Robins and Samuelson 1992; White et al. 1994; Britten 1996; Kidwell and

Lisch 1997), however, TE influence on host gene expression and function was for a

long time largely regarded as a circumstantial consequence of their insertional

mutagenic activity.

The major importance of TE exaptation for regulatory functions was fully

recognized when large mammalian genome and transcriptome sequence data

demonstrated that TEs played an extremely important role in the regulation of

host gene expression. This influence can range from the local supply of promoters

and/or cis-regulatory elements, to the creation of alternative splicing or premature

termination mediated by signals carried by insertions. TE influence on host gene

expression also results from the transfer of TE-targeted epigenetic regulation, such

as local spreading of chromatin modifications or long distance impact of small
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interfering RNAs (smRNAs). These processes are mediated by many TE types and

are well documented in mammals (see excellent reviews such as Van de Lagemaat

et al. 2003; Medstrand et al. 2005; Feschotte 2008; Gogvadze and Buzdin 2009;

Kines and Belancio 2012).

LTR retroelements, however, display specific structural features that make them

particularly prone to influencing adjacent genes, notably the presence of promoter/

regulatory sequences at both extremities. As described above, the expression of LTR

retroelements is under control of promoter/regulatory sequences that are generally

located in LTRs, and LTRs thus represent small independent promoter/regulatory

capsules of a few hundred base pairs that contain transcriptional start sites (TSS) and

maintain their regulation features at different genomic positions. As LTRs are found

at both ends of the retrotransposon, 30 LTRs also possess promoter and regulatory

abilities and can drive the readout cotranscription of adjacent sequences that can in

turn exert a profound effect on the expression of neighboring genes. Depending on

their orientation regarding the adjacent genes and on their position in the genic

sequence, LTR-driven transcription has multiple and antagonistic effects on target

genes. When inserted in the same orientation, LTRs in upstream regions can activate

genes that normally are not expressed under the same condition and act as alternative

or primary promoters driving readout transcripts (Fig. 14.1b). When inserted in

opposite orientation to the gene, LTRs may repress gene expression by producing

antisense readout transcripts (Fig. 14.1c). LTRs have also been shown to carry cryptic

antisense promoters, and can also simply act as enhancer/repressor modules,

providing regulatory sequences such as binding sites for transcription factors to

neighboring genes (Fig. 14.1a).

In this review, we will mostly focus on how LTR retrotransposons contribute to

host gene regulation, and how these processes may be crucial for plant phenotypic

plasticity. But we will first make a short journey across the animal kingdom, where

fascinating examples of the regulatory impact of LTRs have accumulated over the

last years in mammalian models.

14.4.1 LTRs and Mammalian Regulatory Networks?

In contrast to plants, LTR retroelements, such as LTR retrotransposons or endoge-

nous retroviral elements (ERVs), i.e., remnants from ancient retroviral infections,

are moderately represented in mammalian genomes, with current estimates of 8%

in human. The most abundant cohorts of mammalian TEs are represented by non-

LTR retrotransposons, such as LINEs and SINEs, that also play important roles in

host gene expression regulation but will not be reviewed here (for a recent review

see Kines and Belancio 2012: see also Chap. 13).

From early works on Drosophila Adh, human amylase, and mouse Slp genes,

McDonald (1990) and Robins and Samuelson (1992) were among the very first ones

to point out the potential importance of regulatory changes mediated by retroviral-

like insertions. But the global importance of TE involvement in the control of host
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cellular genes was fully unveiled in the early 2000s, with reports that 50 upstream
promoter/regulatory sequences of nearly 20% of human and mouse genes contained

TE insertions, and that the transcription of many human genes started within a 50 TE
insertion, including a large number of cases involving LTRs (Jordan et al. 2003;

Van de Lagemaat et al. 2003).

14.4.1.1 LTR-Derived Gene Promoters

The potential for LTRs to drive expression has been best illustrated by large-scale

analyses of transcript ends that have shown that at least 50% of the human HERV-K

LTRs possessed promoter activity (Buzdin et al. 2006) and that dozens of thousands

of TSS are derived from LTRs in human and mouse (Conley et al. 2008b; Faulkner

et al. 2009), with a large number of LTRs mapping within transcriptional units of

human genes and driving alternative tissue-specific expression of adjacent genes

(Conley et al. 2008b). Interestingly, LTRs can also act as bidirectional promoters,

as shown for a human ERV1 LTR that drives transcription in similar tissues of two

head-to-tail adjacent genes from two TSS closely positioned in the LTR (Dunn et al.

2006). In mouse and human, antisense TSS were found to represent, respectively,

47% and 56% of the TSS present on LTRs (Faulkner et al. 2009).

Mammalian LTRs appear to have been recruited in several major biological

processes such as embryo development or reproductive biology. For instance,

various LTRs act as alternative promoters for many genes during embryonic

development in mouse (Peaston et al. 2004), and a cell-stage specific activation

of the MuERV-L leads to numerous LTR-driven readout transcripts with adjacent

genes in mouse embryonic stem cells (Macfarlan et al. 2012), pointing out the

importance of these processes in the early embryo regulatory network. Epigenetic

derepression of ERV elements by histone demethylation leads to upregulation of

various genes via LTR-driven readout transcripts in mouse embryonic stem cells,

indicating the complementary role of epigenetic regulation in these processes

(Karimi et al. 2011). Human ERV LTRs have been recruited to drive placenta-

specific expression of several genes (Cohen et al. 2009), and a solo-LTR acting as

an alternative promoter redirects pituitary prolactin production to the human

endometrium (Gerlo et al. 2006).

Striking examples of independent recruitment of different LTRs and other

TEs for similar promoter functions have been described. In addition to the human

solo-LTR redirecting prolactin production in the endometrium described above, a

different LTR and a non-LTR retrotrotransposon have also been independently

recruited in rodents and elephant, respectively, to act as alternative promoters for

endometrial prolactin production (Emera et al. 2012), and regulatory motifs derived

from a hAT DNA transposon have contributed to the establishment of an endome-

trial gene regulatory network dedicated to pregnancy in placental mammals

(Lynch et al. 2011). All together, these data indicate that host cellular genes have
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repetitively recruited TEs for insuring crucial functions in the reproduction

of placental mammals. Other examples include the mammalian anti-apoptotic

Neuronal Apoptosis Inhibitory Protein (NAIP) locus that plays a role in neuronal

survival. Different combinations of LTRs have been independently domesticated in

human and rodents to insure similar promoter functions at the orthologous NAIP

loci (Romanish et al. 2007). Interestingly, LTRs (and SINEs) are globally overrep-

resented in upstream regions of human and mouse inhibitor of apoptosis genes,

with no shared insertions between the two species, reinforcing the evolutionary

importance of this process.

14.4.1.2 LTR as Sources of Regulatory Sequences and Regulatory RNAs

In addition to acting as promoters, LTRs contribute extensively to host cis-regulatory
sequences and constitute a large fraction of transcription factor binding sites

identified in embryogenic stem cells and cancer cell lines (Bourque et al. 2008;

Kunarso et al. 2010). One clear example is the involvement of several ERVs in the

transcriptional network of the human protein p53 involved in DNA damage-triggered

apoptosis, with a large number of LTRs containing p53 binding sites (Wang et al.

2007). Binding sites for the NF-kappaB, a transcription factor regulating the immune

response, are provided by LTRs (and a SINE) upstream of the human antiviral IFN-l
1 gene (Thomson et al. 2009). LTRs also form a significant fraction of the TE-derived

c-Myc regulatory subnetwork by providing binding sites to a number of genes

co-regulated with c-Myc and modulated in cancer cell lines (Wang et al. 2009).

More globally, LTRs were shown to provide nearly 20% of human TE-derived

regulatory sequences driving gene expression in immunity-related CD4+ T

lymphocyte cells, identified as DNaseI-hypersensitive sites (Mariño-Ramı́rez and

Jordan 2006), and a survey of all human bona fide TF binding sites shows that

nearly 10% are derived from TEs, 18% of which from LTRs (Polavarapu et al.

2008). LTR-derived binding sites are the most conserved and are more prevalent

than expected based on their genome frequencies, confirming that LTRs are

particularly prone to donating regulatory sequences to the human genome.

More complex long-distance LTR functions have also been reported, such as the

looping of a human ERV9 LTR transcription complex with far downstream globin

promoters, resulting in the transfer of LTR-bound transcription factors to these

promoters in immature red blood cells (Pi et al. 2010).

When inserted in opposite orientation to genes, LTRs may repress adjacent gene

expression by producing transcripts antisense to the genes, and nearly 10,000 such

cis-natural antisense transcripts (cis-NATs) to human genes were found to initiate

in LTRs, mostly located at 30 ends of genes (Conley et al. 2008a). Such antisense

transcripts were shown to decrease target gene expression in several cases

(Gogvadze et al. 2009). LTR retroelements also transfer epigenetic regulation to

adjacent genes, for instance DNA methylation patterns as originally shown in the

Agouti mouse (Michaud et al. 1994), or histone modifications involved in cell-type

specific expression, such as upregulation in cancer cell lines (Huda et al. 2011).
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14.4.1.3 LTR-Mediated Evolution of Regulatory Networks?

Taken together, these studies point out the global recruitment of LTRs in mammalian

host regulatory functions. However, a detailed evaluation of experimentally

confirmed LTRs acting as alternative or primary promoters suggests that, with the

notable exception of their action on placental gene expression, LTRs so far appear to

drive expression similar to that of the native promoter(s) and to contribute to changes

in expression levels, rather than leading to strikingly novel expression patterns

(Cohen et al. 2009). A major role in rewiring host regulatory networks during

development may thus not be the LTR’s primary impact. Interspecies comparisons

have pointed out early on that LTRs may instead be major factors in the evolution of

regulatory networks, leading to species-specific expression differences depending on

the presence or absence of insertions at orthologous loci (Van de Lagemaat et al.

2003). For instance, recent species-specific insertions, mostly LTRs and SINEs,

account for 20% of all expression profile divergence between mouse and rat across

various tissues (Pereira et al. 2009), and several human–rodent genome-wide

comparisons of regulatory binding sites have revealed a large fraction of species-

specific LTR-derived binding sites (as well as binding sites derived from other TEs),

resulting in the rewiring of genes into species-specific regulatory networks (Bourque

et al. 2008; Kunarso et al. 2010).

In contrast to protein-coding genes, TE populations are indeed markedly

dynamic, with waves of insertions creating species-specific TE lineages and inser-

tion pools. Lineage-specific waves of SINE populations have for instance recently

been shown to contribute to the diversification of regulatory binding sites in

different mammals (Schmidt et al. 2012). The variability of LTR retroelements

and other TE insertions, associated with their role in dispersing regulatory motifs

and expression specificities, could thus make them essential agents of gene

expression evolutionary plasticity.

14.4.2 A Functional Impact of Plant LTR Retrotransposons
on Stress Response?

Few large-scale analysis such as those reported in mammalian models have been

reported in plants; however, examples are now accumulating showing their associ-

ation with the regulation of plant genes, and suggesting that, like their mammalian

counterparts, they may play an important role in expanding the repertoire of host

gene regulation and of regulatory sequences.

14.4.2.1 A Frequent Impact of LTRs on Adjacent Plant Genes

The first clues that LTR retrotransposons could supply promoter/regulatory

sequences to plant genes were reported by White et al. (1994), who identified a
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number of insertions flanking plant genes, including several examples of LTRs

with potential for playing a role in expression of adjacent genes. These include a

Tnt1-related LTR upstream from the tomato pectate lyase LAT59 gene (Twell et al.

1991) and LTRs of stress-responsive pea PsrC elements upstream from two defense

response genes (Kato et al. 1999). Although the direct involvement of LTRs in the

modulation of these genes has not been reported, it is interesting to note that PsrC

elements and downstream defense response genes respond to similar microbial

stimuli. Most interestingly, White et al. (1994) also reported the embedding in

LTR sequences of promoters and TSS of several members of the zein multigene

family of maize and of transcriptional repressors of pea rbcS alleles.

Since then, numerous phenotypic changes associated with the presence of

adjacent LTR retrotransposons have been reported in plants. The first striking

example was undoubtedly the white color of grape berry due to an insertion of

the Gret1 element upstream of a Myb-related gene that regulates anthocyanin

biosynthesis (Kobayashi et al. 2004). Although the mechanism by which the

upstream Gret1 insertion represses the gene remains to be established, the pheno-

type is partially reversed to a red berry color after internal recombination of Gret1

leaving a solo-LTR at the insertion site. This indicates that solo-LTRs, frequent

recombination derivatives of LTR retrotransposon insertions, may exert regulatory

impacts that differ from those of complete elements. Other examples include the

much prized “hose-in-hose” primrose flower phenotype, due to upregulation of the

PvGlo MADS box gene caused by a retrotransposon insertion in its promoter

(Li et al. 2010), and the over-expression of the Auxin-binding protein 1 (ABP1)

gene in teosinte, likely due to the additive effect of cis-acting regulatory sequences

present in several transposon insertions in its promoter, including a solo LTR

(Elrouby and Bureau 2012). Insertions of small LTR retrotransposon derivatives

termed SMARTs in 50 and 30 ends of rice genes resulted in increased expression in

specific tissues, while an intronic insertion had little effect, suggesting that SMART

sequences act as enhancers (Gao et al. 2012).

Changes in response to environmental conditions were also associated with the

presence of adjacent LTR retrotransposons. Insertion of a retrotransposon in the

promoter of the Vrn-B1 vernalization gene of Triticum turgidum results in expression

of the gene without vernalization, conferring spring growth habit (Chu et al. 2011),

and insertions of the heat-responsive ONSEN element of Arabidopsis confer heat

responsiveness to nearby genes (Ito et al. 2011). The rose continuous flowering

phenotype (blooming in all seasons) is linked to an intronic insertion resulting in

splicing failure of the KSN gene controlling flower transition, a characteristic under

photoperiodic and thermal control (Iwata et al. 2012). Recombination of the

retrotransposon to form a solo-LTR restores correct splicing, yet the resulting

phenotype is not the wild-type phenotype (spring blooming), but a climbing

phenotype (occasional reblooming in autumn), indicating that the intronic

solo-LTR exerts a more subtle regulatory effect on the KSN gene.
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14.4.2.2 Plant LTR Retrotransposons as Mediators of Epigenetic

Regulations

In most insertions reported above, the molecular mechanisms resulting in gene

expression changes were not formally reported, and it is not known whether these

LTRs act as promoters or as providers of regulatory sequences or epigenetic

modulations. TE regulation by epigenetic mechanisms (reviewed in Chap. 8) has

been particularly well studied in plants and can influence host gene expression by

various mechanisms (see Slotkin and Martienssen 2007), that range from local

impacts, such as production of readout transcripts antisense to the gene or local

spreading of chromatin modifications from insertions, to distant impact of smRNAs

(see Fig. 14.1d).

For instance, the barley Brittle Stem mutation is due to an antisense intronic

Sasandra solo-LTR downregulating a cellulase synthase gene, and Sasandra itself

appears upregulated in the mutant line, suggesting that LTR-driven transcription

antisense to the gene may be involved in the phenotype (Burton et al. 2010). The

activation of Tos17 in rice tissue culture is correlated with its demethylation, a

process that extends into some flanking genomic regions (Liu et al. 2004), and

LTR demethylation in Arabidopsis mutants is correlated with transcriptional

upregulation of neighboring genes (Huettel et al. 2006). More recently, it was

shown that TEs targeted by smRNAs are globally associated with reduced expression

of neighboring genes in Arabidopsis thaliana and A. lyrata (Hollister et al. 2011).

Distant insertions can also play a role in redirecting TE epigenetic regulation to

host genes, as shown for the Arabidopsis UPB1b gene, repressed under the influence
of specific smRNAs produced from distant Athila retrotransposons (Arteaga-

Vázquez et al. 2006; McCue et al. 2012). UPB1b regulates cellular stress and

Athila-derived smRNAs target UPB1b 30UTR sequences, leading to a stress-sensitive

phenotype. Similar mechanisms may be involved in the upregulation of the maize tb1

gene, leading to increase in apical dominance associated with maize domestication

from teosinte and mediated via a Hopscotch insertion acting as a long distance

(ca. 60 kb) enhancer (Studer et al. 2011), although a looping transfer of

LTR-bound transcription factors to the tb1 promoter, such as the one reported

above for human ERV9 LTR at globin promoters cannot be excluded.

This clearly points to the possibility of genome-wide gene regulation directed

by retrotransposon-derived smRNAs, provided smRNAs short recognition sites are

present on targeted genes. Stress-induced changes in retrotransposon epigenetic status

may thus exert a global influence on the plant stress response, with many reports of

retrotransposon-derived, or more generally TE-derived, smRNA production in stress

conditions (see Slotkin and Martienssen 2007; Tanurdzic et al. 2008; Mirouze and

Paszkowski 2011; Ito 2012).

14 LTR Retrotransposons as Controlling Elements of Genome Response to Stress? 287

http://dx.doi.org/10.1007/978-3-642-31842-9_8


14.4.3 LTR-Derived Promoters in Plants

The first clear example of LTRs initiating transcription of surrounding sequences in

plants was the identification of readout transcripts driven from LTRs of Wis2

following its transcriptional activation in synthetic wheat allopolyploids (Kashkush

et al. 2003). The production of these readout transcripts is associated with the

modulation of the genes, depending on their orientation relative to the readout

transcript. The production of readout transcripts from Dasheng 30 LTR was also

documented in rice, with tissue- and subspecies-specific LTR methylation

correlating with the expression of adjacent genes (Kashkush and Khasdan 2007).

It is intriguing to note that in both wheat and rice studies, most readout transcripts

were produced in opposite orientation to the gene, LTR activation thus resulting in

silencing of adjacent genes. In the wheat Wis2 study, readout cotranscripts were

also produced in antisense from cryptic promoters in the 50 LTR. Sense and

antisense cotranscripts produced from derepressed LTRs were also detected in

Arabidopsis methylation mutants (Huettel et al. 2006), confirming that LTRs can

act as bidirectional promoters/enhancers in plants, as shown for ERVs. Recent

studies performed in our laboratory also detected a high number of LTR-driven

readout transcripts produced from tobacco retrotransposon insertions in various

genes (unpublished data). These readout transcripts are produced in stress

conditions such as microbial factors or wounding, and their production parallels

element expression patterns. As in the case of the wheat Wis2 element, they are

produced mostly from 30 LTRs, but also in antisense from the 50 LTR, and are often
in opposite orientation to the gene.

Transcriptional activation of 50 LTRs can also produce template readthrough

transcripts that fail to terminate in the 30 LTR and extends in adjacent sequences,

with potentially similar impacts on adjacent gene expression (see Fig. 14.1b). In

tobacco, a Tnt1 insertion within an NBS-LRR disease-resistance gene was shown to

produce such readthrough cotranscripts, and antisense transcripts extending from

the gene into the LTR were also identified, suggesting that the Tnt1/NBS-LRR

structure may be involved in epigenetic regulation of tobacco resistance genes

(Hernández-Pinzón et al. 2009).

In addition, several examples of phenotypic changes that have been experimen-

tally associated to LTR activity as promoter/regulatory units were recently reported.

The Cg1-R (corngrass) mutation of maize, that results in large developmental

changes, is due to transcriptional initiation of a miRNA locus within a neighboring

Stonor element in meristem and lateral organs, resulting in downregulation of

several developmental genes targeted by the overexpressed miRNA (Chuck et al.

2007). The Pit disease resistance gene is transcriptionally reactivated in a resistant

rice cultivar, due to exaptation of 30 regions of the Renovator element as promoter

(Hayashi and Yoshida 2009). This results in Pit upregulation in response to fungal

inoculations, and, interestingly, methylation levels are lower in the 30 LTR

compared to the 50 LTR, indicating differential targeting of the two LTRs by

silencing pathways.
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Finally, the most exciting example to this day is the blood orange fruit trait, due

to LTR-driven transcriptional activation of the Ruby Myb gene, an activator of

anthocyanin synthesis (Butelli et al. 2012; Fig. 14.2). Ruby appears inactive in

sweet blond oranges, and is expressed in a fruit-specific and cold-dependent manner

in Sicilian blood oranges, due to the insertion of the Tcs1 retrotransposon in its

promoter. The Tcs1 30 LTR provides Ruby transcriptional start and regulation, as

Tcs1 transcription is also fruit-specific and cold-dependent. Furthermore, Ruby

expression specificities are maintained in some Sicilian blood orange accessions

where Tcs1 has recombined to form a solo-LTR, confirming that regulatory

sequences contained within the LTR capsule are sufficient to insure Ruby specific

expression. Very remarkably, another blood orange variety of Chinese origin

contains an upstream insertion of Tsc2, another copy of the same retrotransposon.

Tsc2 is, however, inserted in reverse orientation to Ruby, indicating that Tcs1 and

Tcs2 insertion were unrelated events. Interestingly, Tcs1 and Tcs2 are very closely

related, except in their U3 region, a pattern of LTR evolution similar to the one

observed for Tnt1 elements (see Sect. 14.2.3). They nevertheless maintain and

redirect similar patterns of fruit-specific cold-dependent expression, suggesting

that regulatory motifs either have been preserved in the U3 or are carried by the

U5. Ruby expression in the Chinese blood orange accession is initiated outside of

Tcs2, indicating that in the Chinese blood orange, the LTR capsule only supplies

regulatory sequences (Fig. 14.2).

The LTR-mediated blood orange fruit coloration is a very spectacular and exciting

example, in the sense that it is a perfect textbook case for various molecular

characteristics associated with LTR-mediated impact on host genes. Furthermore, it

implies two parallel, yet independent, LTR recruitments to perform similar functions,

a situation very reminiscent to those observed for the mammalian prolactin and

Fig. 14.2 LTR-mediated control of the blood orange phenotype (freely inspired from Butelli et al.

2012). The Ruby gene is inactive in Navel blond oranges (1) and reactivated in fruit-specific and

cold-dependent manner in blood oranges as a consequence of a LTR retrotransposon inserted in its

promoter. In Sicilan blood oranges, the Tcs1 30 LTR (2) or the solo-LTR in some accessions

(3) provides Ruby transcriptional start and regulatory sequences. In a Chinese blood orange

accession (4), an upstream insertion of the closely related Tsc2 element, inserted in opposite

orientation, supplies regulatory sequences
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inhibitor of apoptosis genes. The most puzzling observation, however, is that similar

retrotransposons have been separately recruited, an unusual situation, even though it is

likely that blood orange phenotype has likely been selected for by humans. This leads

one to speculate that cold conditions, leading to mobilization of this particular

retrotransposon family, might have been involved in early selection steps, perhaps

after first observations of the cold dependance of this sought-after phenotype.

14.5 LTRs as Controlling Elements

The importance of retrotransposon LTRs in plant regulatory networks remains to be

fully grasped, especially in comparison with mammalian models that currently lead

the game. However, it is quite likely that, with the increasing availability of plant

genome sequences, the gap will be rapidly bridged, revealing that, like their mam-

malian counterparts, plant LTRs play an important role in expanding the repertoire of

host gene regulation and of regulatory sequences, and in the evolution of this

repertoire. From this perspective, the maintenance of LTR regulatory features allows

diverse possibilities of activation from LTRs, among which the fundamental function

of the production of the RNA template needed for amplification would represent only

the tip of the iceberg.

Current examples of LTR-mediated phenotypic changes or LTR-driven readout

transcripts in plants suggest an involvement in regulatory changes in response to

both developmental and environmental cues, and illustrate the role of LTRs as

intermediate “sensors” of various stimuli as well as their ability to translate and

redirect these messages towards adjacent cellular functions. Most plant LTR

retrotransposons studied so far, however, carry complex regulatory features that

all converge towards a response to various stresses and environmental challenges.

Whether these regulatory features lead plant retrotransposons to play a major role in

the reprogramming of host cellular genes in response to external cues remain to be

established, but may be of crucial importance for plants that cannot escape stress

and have evolved complex and highly coordinated responses to biotic and abiotic

challenges.

LTR retrotransposons, that are by far the most abundant TEs in higher plants, are

likely bound to reveal themselves as particularly efficient examples of the

Controlling Elements described by Barbara McClintock. This new and open field

of research is still largely uncharted in plants and will undoubtedly represent one of

the most fascinating yet rewarding challenges, bearing important consequences for

understanding the mechanisms involved in plant phenotypic plasticity.
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induced changes in the Arabidopsis thaliana transcriptome analyzed using whole-genome

tiling arrays. Plant J 58:1068–1082

Zhang JJ, Zhou ZS, Song JB, Liu ZP, Yang H (2012) Molecular dissection of atrazine-responsive

transcriptome and gene networks in rice by high-throughput sequencing. J Hazard Mater

219–220:57–68

296 Q.T. Bui and M.-A. Grandbastien



Chapter 15

Rider Transposon Insertion and Phenotypic

Change in Tomato

Ning Jiang, Sofia Visa, Shan Wu, and Esther van der Knaap

Abstract The Rider retrotransposon is ubiquitous in the tomato genome and is

likely an autonomous element that still transposes to date. The majority of approxi-

mately 2,000 copies of Rider are located near genes. Phenotypes associated with

Rider insertion are diverse and often the result of knock out of the underlying genes.
One unusual Rider-mediated phenotype resulted from a gene duplication event.

By means of read-through transcription, Rider copied part of the surrounding

sequence to another location in the genome, leading to high expression of one of

the transposed genes, SUN, resulting in an elongated fruit shape. Transcription

studies demonstrated that Rider is expressed to levels comparable to the expression

of other tomato genes and that control of transposition may be regulated by

antisense transcription. Taken together, Rider is a unique retrotransposon that

may have played important roles in the evolution of tomato and its closest relatives.
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CP Coat protein

DNA Deoxyribonucleic acid

EST Expressed sequence tag

FER Iron inefficient mutant

INT Integrase

LTR Long terminal repeat

Mb Mega base pair

MITE Miniature inverted repeat transposable element

mRNA messenger RNA

MULE Mutator-like element

MYA Million years ago

MYB Myeloblastosis transcription factor

PBS Primer binding site

PPT Polypurine tract

PR Protease

PSY1 Phytoene synthase 1

R Red or yellow flesh mutation

RAX1 Regulator of axillary meristem 1

RH RNase H

RISC RNA-induced silencing complex

RNA Ribonucleic acid

TE Transposable element

TIR Terminal inverted repeat

TSD Target site duplication

15.1 The Abundance of TEs in Genomes and the Phenotypic

Consequences of their Insertions

Transposable elements (TEs), DNA fragments capable of replication and movement,

are major components of eukaryotic genomes. Depending on the timing of their

transposition activity, they may display different insertion sites among closely related

genomes and hence contribute to genome diversity. TEs are divided into two classes.

Class I elements or RNA elements (retrotransposons) use the element-encoded

mRNA as the transposition intermediate. These transposons are either flanked by a

long terminal repeat (LTR) or lack terminal repeat sequences (non-LTR transposons).

Class II elements or DNA transposons are often characterized by the terminal

inverted repeats (TIRs) and transposition through a DNA intermediate. Autonomous

TEs encode a transposase and other proteins required for transposition, while nonau-

tonomous elements lack functional transposition proteins and rely on the cognate

autonomous TEs for their transposition. In plants, LTR retrotransposons are

very abundant and are largely responsible for the genome size expansion in

grass species (Bennetzen 1996). This is also the case for species in the Solanaceae
family that includes tomato (Solanum lycopersicum), potato (S. tuberosum),
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pepper (Capsicum spp.), eggplant (S. melongena), petunia (Petunia spp.), and

tobacco (Nicotiana spp.). The different genome size that ranges from 844 [potato,

(Consortium 2011)] to 4,500 Mb (Nicotiana tabacum) is largely attributed to

differences in the number of LTR elements, some of which are found in the

euchromatic parts of the genome (Park et al. 2011a, b). Reduction in genome size

also occurs by unequal recombination between the two LTRs of a single element

(Ma et al. 2004). This often leads to the deletion of the internal region and one of the

LTRs resulting in the formation of a “solo” LTR.

Transposons are mostly known for the disruption of genes when they insert into

or very close to genes. However, they are also known to duplicate and mobilize

gene sequences. Recent studies indicate most major types of TEs are capable of

duplicating and amplifying genes or gene fragments (Kazazian 2004; Bennetzen

2005; Feschotte and Pritham 2007; Schnable et al. 2009). For example, the maize

Bs1 LTR retrotransposon carries part of a plasma membrane proton-translocating

ATPase gene without its intron sequences (Bureau et al. 1994; Jin and Bennetzen

1994). Subsequently, it was shown that this chimeric element was transcribed and

translated in early ear development and might have a function in the reproductive

pathway (Elrouby and Bureau 2010). In rice, over a thousand genes that duplicated

through retrotransposition (retrogenes) have been identified, and many recruited

new exons from flanking regions, resulting in the formation of chimeric genes

(Wang et al. 2006a). Similarly, there are thousands of Mutator-like elements

(MULE) that carry genes or gene fragments in the rice genome (Jiang et al. 2004;

Juretic et al. 2005). Due to the ability to duplicate genes or gene fragment,

transposons themselves may represent the structural variation among species or

individuals in the population. For example, there are thousands of Helitrons carry-
ing genes in maize (Du et al. 2009; Yang and Bennetzen 2009), and they contribute

significantly to many fragments that are not shared among different maize cultivars

at the orthologous position (Fu and Dooner 2002; Morgante et al. 2005).

Despite the abundance of transposons in the tomato genome, few are known to

result in an altered phenotype. In this chapter, we summarize the findings of what is

known about Rider, a high copy Copia element found in tomato and its closest wild

relatives. The element was first described as the cause of the elongated fruit shape at

the locus sun and its ability to duplicate genes from one chromosome to another

(Xiao et al. 2008). In addition, there are many unusual features of Rider that warrant
further investigations as will be demonstrated below.

15.2 Features Associated with Rider

15.2.1 The Structure of the Rider Element

The structure of Rider element resembles that of a typical Copia-like element from

many perspectives. The element is 4,867 in length with two identical LTRs on each

terminus (Fig. 15.1). The LTR of the Rider element at SUN is 398 bp in length and
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includes the three classical LTR domains called U3, R, and U5. U3 region contains

the promoter of the element, and its size is highly variable among individual Rider
elements (Jiang et al. 2009). Sequences in R and U5 are responsible for the

termination of transcription of the element, and they are well conserved among

most individual elements (also see below). The internal region of Rider is 4,071 bp
and encodes a single polyprotein of 1,307 amino acids, accounting for 96% of the

internal region. The polyprotein contains all typical proteins or domains that a

Copia-like element encodes, including capsid-like protein, protease, integrase,

reverse transcriptase, and RNase H (Fig. 15.1) (Kumar and Bennetzen 1999). The

internal region also contains the cis-elements required for transposition, such as the

primer binding site and polypurine track (Lewin 2008). Thus, Rider is likely to be

an autonomous Copia-like element.

15.2.2 The Timing of Rider Amplification

Database searches and DNA blots using the LTR as probe indicate that Rider
element is present in all Solanum section Lycopersicon species tested and absent

from related species such as potato, tobacco, and coffee (Cheng et al. 2009; Jiang

et al. 2009). Therefore, it appears that the initial amplification of Rider occurred
prior to the speciation of Lycopersicon section species and after the divergence of

tomato and potato, which is estimated to be between 5.1 and 7.3 MYA (Wang et al.

2008). Among the section Lycopersicon species, variation of copy number was

observed. For example, the copy number of Rider appears to be lower in the

genomes of S. habrochaites and S. chilense compared to other species (Cheng

et al. 2009; Jiang et al. 2009). The tomato genome harbors about 2,000 copies of

Rider based on partial genome sequence surveys (Jiang et al. 2009). Two-thirds of

the intact Rider elements inserted after the divergence of S. lycopersicum and

S. pimpinellifolium, which occurred about 1.3 MYA. This finding suggests that

the majority of Rider elements arose well after the speciation in the section

Lycopersicon (Jiang et al. 2009). Moreover, insertion polymorphism of Rider
and transcript accumulation were detected among different tomato cultivars

U3 PPT

RHRTINT   PRCP

PBS R U5 R U5U3

Fig. 15.1 The structure of Rider. Color boxes indicate distinct regions in LTR (U3, R and U5).

Coding regions are indicated as white boxes. The genes within Rider are shown as white boxes and
encode capsid-like proteins (CP), protease (PR), integrase (INT), reverse transcriptase (RT), and

RNase-H (RH). Other sequence features are primer binding site (PBS), polypurine tract (PPT).

Black arrows flanking the LTRs indicate target site duplication (TSD). For Rider elements, TSD

are 5 bp. Red solid arrow represents a normal transcript from Rider, while the dashed arrow
exemplifies a read-through transcript
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(Cheng et al. 2009; Jiang et al. 2009). Due to the high insertion polymorphism

among tomato species, Rider would be useful as a tool for studying the phylogenic

relationship in this important group.

15.2.3 The Origin of the Rider Element

The origin ofRider ismysterious. The presence of TEs in a certain genome can be either

due to vertical transmission from ancestral genomes or horizontal transfer from an

unrelated species.Asmentioned above,Rider is absent frompotato, tobacco, and coffee.

Meanwhile, two individual LTR elements in Arabidopsis, named Rider-like 1 and

Rider-like 2, have moderate nucleotide similarity (~75%) with Rider in the internal

region and part of theLTRsequence (Cheng et al. 2009). For this reason, itwas proposed

that Rider was introduced into the tomato genome 1–6 MYA from Arabidopsis or a
relative of Arabidopsis (Cheng et al. 2009). While the similarity between Rider-like
elements and Rider is unusually high given the genetic distance between Arabidopsis
and tomato, there is not sufficient evidence to support an unambiguous case of direct

transfer between the two species in the proposed timeframe. Elements highly similar to

Rider-like elements are not present in genomes of species related toArabidopsis, such as
A. lyrata and B. oleracea ((Cheng et al. 2009), Jiang, unpublished data). As a result, the
ultimate donor or ancestor of Rider is unclear if it indeed resulted from horizontal

transfer from one to the other species.

An equally plausible explanation for the occurrence of Rider and Rider-like
elements in two distant genomes is that Rider is inherited from the ancestral

genome of tomato and lost from related species. This is because most TE families

experience a life cycle of “birth–burst–extinction” (Hartl et al. 1997). Once a TE

family is no longer transpositionally active, mutations and deletions accumulate

and the particular family will eventually disappear from the genome. According

this scenario, loss of TEs from a genome is a common event and only a small subset

of TEs can achieve long-term success. Due to the fact that Rider is a compact

element without obviously nonessential sequences, the conservation between Rider
and Rider-like elements could be due to functional constraints. Consequently, the

origin of Rider is still an open question. The clarification of this issue awaits the

availability of more genomic sequences in Brassica and Solanaceae, and other

plant species.

15.3 Distribution and Targeting Preference of Rider

Plant genomes harbor numerous types of transposons, and different transposons have

distinct niches. The distribution pattern of any transposons, including LTR elements,

is the consequence of target specificity and selection against deleterious insertions

or selection for favorable insertions (Pereira 2004; Peterson-Burch et al. 2004).

15 Rider Transposon Insertion and Phenotypic Change in Tomato 301



Many high copy number LTR elements are nested in the intergenic or heterochro-

matic regions (SanMiguel et al. 1996; Ananiev et al. 1998; Jiang et al. 2002).

In contrast, low copy number LTR elements, such as Tpv2 elements (40 copies) in

common bean (Phaseolus vulgaris) and Tos17 (a few copies in natural populations)

in rice (Oryza sativa), are frequently found in genic regions (Garber et al. 1999;

Miyao et al. 2003). Given the fact that Tos17 can amplify rapidly under artificial

conditions (Hirochika et al. 1996), its low copy number in natural populations

suggests that the preference for genic regions may result in deleterious effect on

the host organism, which prevents the element from further amplifications. The only

known exception is the Tnt1 element from tobacco, which has a relatively high copy

number (a few hundred copies), yet is located in genic regions (Grandbastien et al.

1989; Le et al. 2007). Nevertheless, Tnt1-related elements are only present in a few

dozens in tomato and those are mostly mapped to pericentromeric regions (Tam et al.

2007), suggesting host environment may have important influence on amplification

and distribution of LTR elements.

Unlike any of the known LTR elements, Rider does not appear to be concentrated
in certain regions of the genome (Cheng et al. 2009). Moreover, about half of the

Rider elements are located within 1 kb of a gene. This ratio is much higher than that

of another high copy number tomato LTR element Jinling, for which only 20% of

the elements are within the same distance to a gene (Jiang et al. 2009). This can be

explained by the difference in their chromosomal distribution patterns since most

Jinling elements are located in heterochromation regions where the gene density is

low (Wang et al. 2006b). In contrast, Rider elements are located in both heterochro-

matic and euchromatic regions so they are more likely surrounded by genes.

Despite its high copy number and frequent associations with genes, Rider does
not seem to disrupt genes at a high level that would render the tomato genome

unstable. This could be due to the regulation of its expression (see below) and to its

insertion preference. Rider appears to insert into AT-rich sequence (Jiang et al.

2009). Since coding regions are usually more GC-rich than noncoding regions

(Salinas et al. 1988; Mizuno and Kanehisa 1994), such a preference allows Rider
elements to select noncoding regions as their targets and minimize possible delete-

rious effects. In this case, the amplification of Rider is largely silent despite the fact
that many elements are close to genes. Meanwhile, being located in the genic

regions may favor the element amplification since the element is more accessible

to the transcription machinery. This might partially explain the success of Rider in
the tomato genome.

15.4 Rider Expression, Read-Through Transcription

and its Correlation with Mutations in LTR

Based on Northern blot and RT-PCR experiments as well as database searches,

Rider is constitutively expressed in tomato (Cheng et al. 2009; Jiang et al. 2009).

Transcript sizes suggest that most Rider RNA is intact and has the potential to
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transpose to new positions. Mining through mRNA seq data sets also showed that

Rider is expressed in certain tissues at a level comparable to the tomato fruit shape

gene OVATE. SUN and R (the latter corresponding a phytoene synthase gene, see

below) are expressed higher than Rider while DEFL2 (encoding a defensin

protein, see below) is expressed the highest in the tissues examined (Table 15.1).

Interestingly, while only sense expression of the genes SUN, OVATE, R, and
DEFL2 is found, Rider appears to be expressed equally in both sense and

antisense direction (Table 15.1), raising the interesting question of whether the

regulation of transposition is mediated in part by posttranscriptional silencing.

Further examination of the position of the mRNA seq reads relative to Rider
revealed that the reads are evenly distributed along the transposon in both

directions (Fig. 15.2). Due to the finding that intact Rider elements outnumber

truncated elements by 3.5 to 1, this suggests that transcription in the sense and

antisense direction are derived from intact elements. However, spurious expres-

sion from exogenous promoters into truncated Rider elements cannot be excluded

either. Regardless, double stranded RNAs are commonly resulting in rapid mRNA

degradation via the RNA-induced silencing complex (RISC). Therefore, the

potential gene silencing of Rider might explain the results from Northern blots

that showed smears instead of one distinct band (Jiang et al. 2009). This finding is

also consistent with the observation that the insertion polymorphism of Rider
among tomato cultivars is relatively low compared to that among Solanum
subsection Lycopersicon species (Jiang et al. 2009). In other words, the high

copy number of Rider is likely due to its high transposition activity in recent

past, which may have declined due to potential silencing arising from the abun-

dance of elements.

A low number of ESTs were found to be chimeric between Rider LTR and an

unrelated sequence (Cheng et al. 2009; Jiang et al. 2009). These chimeric elements

can be explained by artifacts in the construction of the library for EST. Alterna-

tively, these aberrant RNAs could also lead to gene silencing in cases where the

chimeric part exhibits high sequence similarity to an endogenous gene. The finding

of chimeric EST reads could also be the result of read-through transcription.

Normally, Rider transcription starts in the R region of the 50 LTR and ends in the

R region of the 30 LTR. Read-through transcription would extend past the R region

into the U5 and neighboring genome region. Indeed, read-through transcription of

Rider is found in all the tissues examined (Jiang et al. 2009).

Read-through transcription is at the heart of the SUN duplication as will be

discussed in detail below. The Rider element that created the locus carried a

mutation in one of the two “TTGT” sequences required for transcript termination

(Jiang et al. 2009). The sequencing of read-through transcripts over the region that

is required for termination indeed showed that the majority of the transcripts carried

the mutation in the LTR found in the Rider element at the sun locus. These findings
strongly suggest that read-through transcripts are indeed associated with Rider
elements and are more prevalent when the LTR carries the “TTAT” mutation in

one of the “TTGT” copies in the U5 region.
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15.5 Case Studies of Phenotypic Changes Caused by Rider
and Genomic Landscape in which the Element Inserts

As demonstrated in the previous sections, the insertion preference of Rider is found
near genes, Rider is constitutively expressed in tomato tissues albeit in both

directions and Rider read-through transcription is occurring. Also, Rider elements

are only found in the species of the Solanum section Lycopersicon and not in other

Solanaceous relatives such as potato and tobacco. In addition, Rider has been

shown to be involved in phenotypic changes that are found in the Lycopersicon
section of the Solanum genus, including those that impact domestication-related

phenotypes as well as spontaneously arising mutations.

15.5.1 Rider and Fruit Shape

One of the most striking examples of phenotypic change mediated by Rider transpo-
sition is found at the fruit shape locus sun located on chromosome 7 (Xiao et al. 2008).

Fig. 15.2 Alignment of the mRNA seq reads to (a) Rider and (b) SUN. The libraries were

constructed strand-specifically such that only the first-strand cDNA will yield reads (Zhong et al.

2011). The SAM files generated by Tophat alignment were visualized using the IGB viewer (http://

bioviz.org/igb/faq.shtml). Rider reads are found in both directions along the transposon while SUN
reads are only found for the sense strand (� strand in the viewer), with the exception of one read.

Results are from replicate 2 in Table 15.1. The solid green bar on the bottom indicates that there are

more reads corresponding to SUN that are not displayed in the viewer due to space constraints
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The locus resulted from aRider transposition inwhich nearly 20 kb of the neighboring
genome was included in the event. Based on sequence comparisons, the transposition

and resulting genomic duplication was deduced to have happened as follows. Read-

through transcription of the Rider element on chromosome 10 found at position

60,134,479–60,139,738 (http://www.solgenomics.net unigene SGN-U569744) into

the neighboring genes, followed by a template switch in the first intron of a SDL1-

like gene to downstream of an IQ domain-containing gene found at position

60,140,568–60,142,797. Transcription continued until the first LTR of Rider
(Xiao et al. 2008). This giant retroelement, that includes Rider and nearby genome

sequence, transposed into the intron of DEFL1 located on chromosome 7 at position

2,394,467–2,396,320 (Solyc07g007760) (Jiang et al. 2009). The IQ domain-

containing gene that originated from chromosome 10 is located in a new genome

environment leading to high expression in the fruit resulting in an elongated fruit

shape (Xiao et al. 2008). Thus the IQ domain containing gene was renamed SUN. The
Rider insertion knocked out the expression ofDEFL1 (Solyc07g007760) and reduced
the expression of the neighboring DEFL2 gene (Solyc07g007750) by at least fivefold
(unpublished mRNA seq data). Further studies have shown that the transposition of

Rider and duplication of SUN was most likely a post-domestication event originating

in Europe in the last 200–500 years (Rodriguez et al. 2011). Varieties carrying the

SUN duplication result in fruit with an almost pepper-like or oxheart shape, which are

typically found in heirloom tomatoes (Fig. 15.3). The genome environment of the

ancestral locus on chromosome 10 showed no class I transposons except forRider, but
instead a high number of class II DNA transposons. At the sun locus, the number of

class II transposons was higher than found on the ancestral locus (Jiang et al. 2009).

15.5.2 Rider and Iron Deficiency

The chlorotic tomato mutant fer was a spontaneous mutant identified in the 1960s

(Brown et al. 1971). The mutant plant exhibits defects in all the typical responses to

iron deficiency and uptake of Fe3+ (Brown et al. 1971; Ling et al. 1996). Although

located in the pericentromeric region of chromosome 6, which might exhibit

reduced recombination rates, the FER gene was identified by positional cloning

and found to encode a bHLH protein involved in the transcriptional regulation of

plant iron nutrition (Ling et al. 2002; Brumbarova and Bauer 2005; Guyot et al.

2005). The gene is located on chromosome 6 at position 31,549,026–31,547,113

(Solyc06g051550). The mutation in tomato FERwas due to a spontaneous insertion

of Rider in the first exon resulting in disruption of the gene (Ling et al. 2002; Cheng
et al. 2009). The fer Rider element is 100% identical, including the LTRs, to the

Rider element found at the sun locus and the ancestral locus on chromosome 10

(Cheng et al. 2009). A high level of transposable elements, including class I, class II

and unclassified repeats, are found at the fer locus demonstrating a highly diverse

TE landscape in the pericentromeric region of chromosome 6. The fer locus also
features a relatively low density of genes of 19.8 kb per gene (Guyot et al. 2005).
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This is in contrast to the sun locus and the ancestral locus on chromosome 10, where

gene density approached that of what is typically found in euchromatin in the range

of 5–7 kb per gene (Jiang et al. 2009). Other than Rider, the LTR transposons found

at the fer locus are neither active nor autonomous as they have accumulated

numerous mutations (Guyot et al. 2005).

15.5.3 Rider and Fruit Color

The yellow flesh mutation in tomato confers a yellow instead of the wild type red

fruit and the locus is named “r” (Price and Drinkard 1908). The underlying gene is

phytoene synthase 1 (PSY1) that encodes the first enzyme in the carotenoid biosyn-

thesis pathway. Initially, the gene was identified in a screen for ripening-induced

genes (Bartley et al. 1992; Fray and Grierson 1993). The cDNA cloning and

sequencing of the two allelic versions of the yellow flesh mutant alleles, r and ry,
showed that the older allele, r, was due to an insertion of a repetitive element

(Fray and Grierson 1993). Sequence comparisons of the inserted fragment of

Fig. 15.3 Tomato fruit shape affected by Rider. (a) Varieties with the SUN gene resulting from

Rider transposition and gene duplication. (b) Varieties without the SUN gene duplication. The

variety names are written in each fruit (Rodriguez et al. 2011). Note the characteristically long fruit

and pointed shape as a result of SUN. Pear-shaped fruit (LYC453 in B) is controlled by OVATE.
Bar corresponds to 2 cm
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328 nucleotides showed that it corresponded to the LTR of Rider with 96% identity

to the element found at the sun locus. PSY1 is found on chromosome 3 at position

8,606,368–8,610,361 (Solyc03g031860). A detailed analysis of the genome struc-

ture at the r locus has not been conducted. However, the ry allele appears to be the

result of a short deletion because the 30 end of the cDNA sequence of the mutant

psy1 gene corresponds to a region approximately 4.5 kb downstream of PSY1
comprising the first exon of an Acyl-CoA synthase gene (Solyc03g031870). This

finding suggests that the r locus may have experienced other types of rearrangement

unrelated to Rider transposition.

15.5.4 Rider and Leaf Complexity

The last and most recently reported example of a phenotypic change mediated by

Rider transposition is exemplified by the gene underlying the “potato leaf” mutation in

tomato. The locus is called C, for cut leaf. Tomato features complex leaves comprised

of terminal and lateral leaflets that are often serrated at the margins. The potato leaf

represents an old tomato mutation resulting in reduced leaf complexity and smooth

leaf blade margins (Price and Drinkard 1908; Busch et al. 2011). The underlying gene

is a member of the R2R3 MYB transcription factor family that is evolutionarily

very closely related to the tomato BLIND (BL) gene regulating shoot branching.

C (Solyc06g074910) maps to chromosome 6 at position 42,804,036–42,806,196.

C has acquired a new but related function compared to BL and both correspond to

RAX1 in Arabidopsis regulating shoot branching (Busch et al. 2011). Rider inserted
near the 30 end of C disrupting the coding region resulting in a null mutation. The

Rider element found at c is identical in sequence to the element found at sun (Busch

et al. 2011). Except for the Rider insertion allele which is spontaneous, most of the

other reported c alleles were derived frommutagenesis screens (Busch et al. 2011). Of

these induced mutations, two resulted from a deletion event of 286 bp and 40.6 kb,

respectively. Although a detailed genome analysis of the locus has not been

conducted, the c locus also appears prone to genome rearrangements in addition to

transposon insertions.

15.6 Concluding Remarks

Transposable elements achieve their success through different strategies. Some

elements, such as Jinling in tomato, are preferentially located in the pericentromeric

heterochromatin, which is the “safe haven” for insertion. Other elements, such as the

miniature inverted repeat transposable element (MITE) mPing in rice, are preferen-

tially located in genic regions. Nevertheless, the impact of MITE insertion is often

subtle due to their small size (usually less than 500 bp) as well as avoidance of

insertion into coding region (Naito et al. 2009). Moreover, mPing harbors regulatory
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motifs that enable the adjacent genes to become stress inducible (Naito et al. 2009). In

other words, a successful transposable element must either have minimal detrimental

impact or bring about favorable mutations for the host genome, especially when the

element is capable of transposition. From this point of view, Rider has developed
many features for its success despite its relatively large size. First of all, Rider
elements have been active in transposition since it amplified to thousands of copies

in just a few million years. The most recent known transposition occurred in the

1960s with the creation of the fer locus (Cheng et al. 2009). Second, it targets all

chromosomal regions but appears to avoid inserting into coding regions by selective

insertions into AT-rich regions. Third, the transposition activity of Rider is likely

regulated by antisense transcription of the element, thereby limiting the extent of

transposition per generation. Finally, Rider creates read-through transcripts which

may allow the duplication of flanking sequences including genes. The duplication of

genes may create novel phenotypes that are favored by selection. Taken together,

Rider is a unique retrotransposon that has been successfully amplified in the genome

of tomato and may have played important roles in the evolution of tomato and its

closest relatives.
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Chapter 16

Retrotransposons and the Eternal Leaves

Antonella Furini

Abstract The resurrection plant Craterostigma plantagineum can tolerate up to

96% loss of its relative water content and recover within hours after rehydration.

In callus tissue desiccation tolerance is induced by pre-incubation with Abscisic

acid (ABA). In callus and plant ABA treatment and dehydration induce a set of

dehydration-responsive genes. T-DNA activation tagging led to the identification of

CDT-1, a dehydration- and ABA-responsive gene, which renders calli tolerant

without ABA pre-incubation. Molecular analysis indicated that CDT-1 is a

retroelement, present in multiple copy in the genome, able to direct the synthesis

of small RNAs responsible for desiccation tolerance. Transposition of CDT-1
retroelements have progressively increased the capacity of the species to synthesize

small RNAs and thus recover after desiccation. This may be a case of evolution

towards the acquisition of a new trait, stimulated by the environment acting directly

on intra-genomic DNA replication.

Keywords CDT-1 • Craterostigma plantagineum • Desiccation tolerance •

Retrotransposon • Small RNA

16.1 Introduction

Water is essential to all physiological processes, and at cellular level, it is the major

medium for transporting metabolites and nutrients. Water availability has determined

the distribution of plants onEarth. In their natural environment plants often experience

water stress episodes that affect normal growth. Many plants are able to withstand this

challenge either by decreasingwater flux through the plant or by increasing their water

uptake. Water loss can be reduced by various mechanisms such as stomatal closure,
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reduction of leaf growth, or production of specialized leaf surfaces to reduce transpi-

ration, whereas water uptake can be increased by the growth of specialized root

structures (Phillips et al. 2002). Tolerance to desiccation—the ability to recover

when most of the protoplasmic water is lost and only a very small amount of tightly

bound water remains in the cell—is common in mosses, lichens, and ferns and in the

reproductive structures of vascular plants, pollen, spores, and seeds but rare in

vegetative organs (e.g., leaves) of tracheophytes (Bewley and Krochko 1982; Oliver

and Bewley 1997; Kranner et al. 2005). However, a small group of angiosperms,

termed resurrection plants, possesses desiccation-tolerant vegetative tissues with the

unique ability to revive from an air-dried state (Gaff 1971), and the process of drying

and rehydration causes only limited damage to the plant tissues. These plants have the

advantage over other species in arid environments; they can remain quiescent during

long period of drought. Upon watering they can resurrect, restore their photosynthetic

activity within 24 h, grow, and reproduce long before non-resurrecting plants.

16.2 Resurrection Plants

It was postulated that initial evolution of vegetative desiccation tolerance has been a

crucial step for primitive plants to colonize the land. It is thought that, during

evolution, tolerance was lost in vegetative tissues with the acquisition of water

transport in tracheophytes, but this trait has reevolved independently in plant

species that are nowadays defined resurrection plants (Oliver et al. 2000). These

plants are often small and low growing; they are found in all continents, except

Antarctica, in places where substantial rains are seasonal and extremely sporadic.

They are mainly concentrated in southern Africa, eastern South America, and

western Australia (Gaff 1987), while only a few species have been found in Europe

in the Balkan mountains (Stefanov et al. 1992). These areas show great variation in

moisture availability, as a consequence the ability to survive dehydration becomes a

necessity. Surprisingly, vegetative desiccation tolerance was recently discovered in

Linderia brevidens, a species endemic to montane rainforest of coastal Africa, a

niche that does not experience drought (Phillips et al. 2008).

About 330 species of angiosperms have been found to survive desiccation but no

resurrection gymnosperms are known (Hartung et al. 1998). There are both mono-

cotyledonous plants such as Xerophyta viscosa and Sporobolus stapfianus and dicot-
yledonous species such as Myrothamnus flabellifolia, Craterostigma plantagineum,
and Chamaegigas intrepidus. The latter is the unique known example of aquatic

resurrection plants (Hartung et al. 1998).

Acquisition of tolerance may depend mainly on changes in gene expression

since genes necessary for tolerance in seed and pollen grain are already present but

not expressed in vegetative tissues (Bartels and Salamini 2001). Studies aimed at

understanding the molecular basis of desiccation tolerance have mainly focused on

the dicotyledonous South African Craterostigma plantagineum (Bartels et al. 1990;

Bartels and Salamini 2001), the monocotyledonous species Sporobolus stapfianus
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(Neale et al. 2000), and the moss Tortula ruralis (Oliver and Bewley 1997).

The molecular basis of desiccation tolerance is complex, and it is not clear yet

how and whether mechanisms may vary between different species (Bartels 2005).

For instance some species retain chlorophyll during dehydration, whereas others

lose chlorophyll. Many proteins accumulate during drying in resurrection plants

and some have been cloned and sequenced. Late Embryogenesis Abundant (LEA)
proteins represent one major group of expressed proteins in vegetative tissues

during desiccation. LEA proteins comprise a large number of plant proteins that

accumulate in mature embryo during late stages of embryo development (Galau

et al. 1986) and in vegetative tissues in response to water deficit. Their generally

high expression is found in osmotically stressed or ABA-treated tissues in many

cell types and predominantly in the cytosol. LEA proteins are characterized by

being small, with a biased amino acid composition, which results in highly hydro-

philic polypeptides, with just a few residues providing 20–30% of their total

complement (Ingram and Bartels 1996). To date several molecular mechanisms

have been proposed to describe functional aspects of LEA proteins, and they are

thought to function as molecular chaperons protecting against aggregation of

proteins under water stress (Goyal et al. 2005).

In addition to the synthesis of proteins, an increased concentration of soluble

sugars in seeds and in vegetative tissues of resurrection plants at the onset of

desiccation is an important factor for the acquisition of tolerance. In animals,

fungi, yeast, and bacteria high level of trehalose ensures membrane osmoprotection

during desiccation (Crowe et al. 1992). This sugar is extremely rare in plants where

sucrose and other sugars may play a similar role in resurrection plants. Sugars may

be effective in osmotic adjustment during water loss, but they may protect the cells

by causing, during severe desiccation, glass formation with the mechanical

properties of a solid (Williams and Leopold 1989). The relevance of ABA in

desiccation tolerance of resurrection plants is also well documented. In general

ABA content in leaves increased upon dehydration; in addition when leaves of the

resurrection plants Myrothamnus flabellifolia and Borya nitida were too rapidly

dehydrated, the increase in ABA content in leaves was not observed and plants did

not resurrect (Gaff and Loveys 1984). Most of the proteins highly expressed during

desiccation (i.e., LEA proteins) showed an induction upon ABA treatment. Genes

induced at very low level during the initial stage of desiccation process have also

been identified. The SDG134c isolated in Sporobolus stafianus encodes a protein

translation initiation factor 1 and its transcript is present at very low level in fully

hydrated tissues and increased in dehydrated tissues. It was suggested that

SDG134c is necessary for the process of rehydration that fully restore the metabolic

activity within several hours (Neale et al. 2000).

Resurrection plants, as other desiccation tolerant systems, attract particularly the

research interests, since one major factor that limits the productive potential of

higher plants is the availability of water. To better know the molecular mechanisms

of drought resistance may have potential implications in the future development of

drought tolerant crops and therefore increasing crop productivity in arid lands. In

this respect most information is available for the resurrection plant Craterostigma
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plantagineum that has been extensively investigated at molecular level and has

significantly contributed to our knowledge of molecular regulation of dehydration

tolerance in vegetative tissues (Bartels et al. 1990; Bartels and Salamini 2001;

Bernacchia and Furini 2004; Bartels 2005).

16.3 Craterostigma plantagineum as a Model System

C. plantagineum is a member of the Schrophulariaceae family of African origin

and distributed in various ecological niches that must have been associated with

long period of drought (Fischer 2004). This species can tolerate up to 96% loss of

its relative water content and recovers within several hours from such extreme

dehydration (Bernacchia et al. 1996). This resurrection response is expressed in

differentiated tissues (Fig. 16.1a top). In vitro maintained callus is not desiccation

tolerant and requires exposure to exogenous ABA in order to survive severe

dehydration. This feature allows to compare gene expression in two systems with

the same genetic background without developmental constrains. Dehydration of

C. plantagineum plants as well as ABA treatment of leaves or callus induce the

expression of similar sets of dehydration- and/or ABA-responsive genes (Bartels

et al. 1990). Furthermore, in leaves of this species the desiccation phase is

characterized by a massive conversion of the main C8 sugar in fully hydrated

leaves, the 2-octulose, into sucrose. During the rehydration phase the sucrose

level drops and octulose accumulates again (Bianchi et al. 1991). The synthesis

Fig. 16.1 (a) Effect of desiccation treatment on the resurrection plant C. plantagineum (top)
and T-DNA tagged callus line (bottom). From left to right: fully turgid, desiccated, and rehydrated.
(b) Northern analyses showing the expression patterns for the CDT-1 gene and the ABA- and

desiccation-induced C. plantagineum Lea genes pc-27-45, pc-6-19, and pc-11-24 (Bartels et al.

1990). (b is reproduced from Furini et al. 1997, with permission)
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of sucrose in water stressed C. plantagineum leaves is similar to that observed in

seeds of higher plants and in lower eukaryotes, in which a specific sugar increases

with tolerance acquisition. Desiccation-induced transcripts from C. plantagineum
can be assigned to different type of Lea genes. The degree of homology varies:

conservation may be restricted to particular sequence motifs and sequence

structures or C. plantagineum genes can share high identity with Lea genes

expressed in seeds at early stages of desiccation. The high expression of these

different Lea type genes in ABA-treated fully hydrated and dehydrated leaves of

C. plantagineum suggests that similar metabolic processes are occurring during

seed maturation (when the ABA level naturally increases) and that in vegetative

tissues of C. plantagineum the signal transduction pathway from water stress to

gene expression requires the activation of specific genes that in desiccation-

sensitive species are relevant to seed dehydration. This means that, at least with

respect to Lea genes, the differences between desiccation tolerant and sensitive

species are due to differences in expression patterns (Bartels and Salamini 2001).

Furthermore, promoter studies of several genes isolated from dehydrated tissues of

C. plantagineum revealed that in transgenic tobacco, these gene promoters were

active only in naturally desiccation tolerant tissues (mature embryo and pollen), and

the responsiveness to ABA in vegetative tissues decreases during plant

development (Michel et al. 1993, 1994). It was hypothesized that the ABI3

protein contributes to the ABA-regulated gene expression in the Arabidopsis seed
development (Giraudat et al. 1992) and the ectopic expression of the ABI3 protein

induces, in response to ABA, the expression of seed-specific transcripts in leaves of

transgenic Arabidopsis (Parcy et al. 1994). ABI3 proteins was effective also in

the activation of C. plantagineum Lea gene promoters upon ABA treatments in

vegetative tissues of transgenic Arabidopsis (Furini et al. 1996; Velasco et al.

1998), reinforcing the hypothesis that desiccation tolerance in C. plantagineum
requires the induction of ABA and/or desiccation-inducible proteins that in

desiccation sensitive plants are expressed only in seeds. However, the ABI3

homolog was identified in C. plantagineum, but its expression was not observed

in fully developed leaves (Chandler and Bartels 1997), suggesting that other factors

may be involved in the activation of Lea genes in C. plantagineum.

16.3.1 Isolation of ABA-Independent Desiccation Tolerant Callus

As a model system the polyploid C. plantagineum is a poor target for mutation

approaches using chemical or insertional mutagens such as transposons or T-DNA

insertions. However, an efficient transformation system (Furini et al. 1994) and a

T-DNA activation tagging approach allowed the isolation of elements relevant to

desiccation tolerance in C. plantagineum (Furini et al. 1997; Smith-Espinoza et al.

2005). The fact thatwild-type dedifferentiated callus tissues do not survive desiccation

unless pretreated with ABA suggests that a number of ABA-mediated pathways that

lead to the acquisition of desiccation tolerance are silent during callus dehydration.
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This information offered the opportunity to search for dominant mutations that

activate the ABA and/or the dehydration signaling pathway and allows to select

desiccation tolerant calli even in the absence of ABA.

T-DNA activation tagging carrying an enhancer domain from the gene 5 promoter

(pg5) of Agrobacterium tumefaciens and capable to induce transcription in dediffer-

entiated proliferating tissues, such as calli growing in auxin rich medium, but not in

differentiated leaves, was used for C. plantagineum leaf disc transformation (Furini

et al. 1997). Transformed calli were selected for viable dominant mutants by severe

cycles of dehydration–rehydration without exogenous ABA pretreatment. One callus

line over 25,000 transformants passed the selection (Fig. 16.1a bottom). This callus

showed a reddish color similar to that observed in ABA treated calli, and

when cultured in differentiation medium it developed shoots and eventually fully

developed plants. Callus was again dedifferentiated from these shoots, and it retained

the ability to withstand desiccation. Furthermore, Lea genes previously identified in

C. plantagineum (Bartels et al. 1990) and normally expressed in dried leaves and

ABA-treated calli were expressed in the T-DNA tagged line without exogenous ABA

application (Fig. 16.1b), suggesting that the pathway that leads to desiccation

tolerance was switched on.

16.3.2 Identification of the Retrotransposon CDT-1

Molecular analysis of the mutant callus allowed the isolation of DNA sequences

flanking the T-DNA insertion and the identification of a DNA fragment highly

transcribed in the desiccation tolerant mutant callus line and wild-type ABA-treated

callus or dried leaves (Fig. 16.1b). To prove that this identified DNA fragment was

responsible for desiccation tolerance of ABA-untreated callus, it was cloned under

the control of pg5, inserted into a plant transformation vector, and used for leaf disc

transformation. Newly transformed calli were able to withstand dehydration in the

absence of ABA, and these results confirmed the assumption that the fragment

identified by T-DNA tagging approach was responsible for the gain-of-function

phenotype observed in the desiccation tolerant mutant callus (Furini et al. 1997).

Screening of a cDNA library with the isolated fragment brought to the identifica-

tion of many identical clones indicating that the identified gene, named CDT-1
(Craterostigma Desiccation Tolerant-1, NCBI accession n. Y11822), is part of a

large gene family in the C. plantagineum genome. The characterization of CDT-1
revealed that (1) it is flanked by direct repeats and it is present in multiple copies,

suggesting that it is a transposable element; (2) it has a poly(A) tail and lack LTRs

indicating that it is a non-LTR retrotransposon; (3) it is intronless since cDNA

structure is similar to genomic clones; and (4) it does not possess large coding domain

with similarities to LINEs coding sequences. In addition, no sequence homology to

CDT-1was detected in current databases, and translation product was not observed in
in vitro assay.An oligo(A) tract of 17–22 nucleotides was also found in the 50 region of
all cDNA and genomic clones. Most importantly, CDT-1 transcription was never
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detected in hydrated leaves, but induced by dehydration and repressed by rehydration,

whereas in callus is upregulated by ABA (Furini et al. 1997).

Mutated versions of CDT-1 cDNA were tested in transgenic plants to verify

whether the only translational region present inCDT-1 sequence could be responsible
for the activation of desiccation tolerance pathway in callus. It was found that the

30 sequence of CDT-1—or part of it—is required for desiccation tolerance, whereas a

translation product is not necessary (Hilbricht et al. 2008). Furthermore, a T-DNA

activation tagging approach, similar to that previously used for the identification of

CDT-1, led to the finding of other desiccation tolerant mutant callus lines. One of the

characterized mutant, named CDT-2, as CDT-1, constitutively expresses known

osmoprotective Lea genes in callus and leaves. Further analysis of this mutant

revealed that the tagged locus is similar to the previously characterized CDT-1. The
fact that two independently identifiedmutant loci are homologouswas unexpected but

offer strong proof that CDT-1/2 retroelements are crucial for the acquisition of

desiccation tolerance in callus tissue. Surprisingly, CDT-1 and CDT-2 not only

showed high sequence similarity, but they also share sequence motifs within the

30 region (Smith-Espinoza et al. 2005). Other desiccation tolerant species of the

genus Craterostigma, such as C. hirsutum, C. pumilum, and C. lanceolatum, were
analyzed for the presence of CDT-1 homologs. This investigation brought to the

identification of CDT-genes in the three species. In all cases sequence similarities

were identified within the 30 part of CDT-1 sequence (Furini 2008). All these

observations lent strong support that the CDT non-LTR retrotransposons function as

regulatory noncoding RNA. The sequence similarity among the CDT retroelements

strongly indicated that the functionally important elements, that have beenmaintained

during evolution, are likely to be located in the conserved 30 region of these non-LTR
retrotransposons. Furthermore, the lack of homology with sequences present in

databases suggest the specificity of this transposon family for the unique ability

of resurrection plants—at least in the genus Craterostigma—to revive after long

periods of drought.

16.3.3 CDT-1 Role in Desiccation Tolerance is Mediated
Through Small RNA

Transcription analysis showed detection of both sense and antisense CDT-1 RNA

(Fig. 16.2a) and suggest that the role of CDT-1 in desiccation tolerance could be

mediated by small RNA. Low-molecular weight RNA from desiccation tolerant calli

hybridized with sense and antisense 21mers (from nt 634 to 654) identified in the

30 end of CDT-1 cDNA, whereas accumulation of small transcripts was not detected

when desiccation sensitive calli were examined (Fig. 16.2b). This oligonucleotide

had some similarity to microRNA 159 (Achard et al. 2004), which is highly

conserved in evolution. In addition, C. plantagineum callus-derived protoplast

transfection was used to show that this small RNA alone was able to induce
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dehydration-responsive genes to the same extend as exogenous application of ABA

(Fig. 16.2c) (Hilbricht et al. 2008).

16.3.4 CDT-1 Retrotransposition and the Acquisition
of Desiccation Tolerance

The structure of several CDT-1 genomic clones (schematized in Fig. 16.3a, b)

shows that CDT-1 elements are flanked by direct repeats of 5 to 22 bp (Fig. 16.3b

regions a and d). In these clones the length of the poly(A) tail vary (from 10

to >60 bp; Fig. 16.3b, region c), and the presence of the same direct repeat core

sequences (colored in Fig. 16.3b, c) in more clones made possible to reconstruct, at

least in part, the temporal series of CDT-1 transpositions (Fig. 16.3c). Sequence

analysis of CDT-1 cDNA reveals that transcription occurs from different loci and

gave rise to almost identical CDT-1 mRNAs. The only variant is the length of the

50 oligo sequence (17, 18, 20, or 21) which was of 19, 21, and 22 bp in three

sequenced genomic clones (Hilbricht et al. 2008).

The abundance of CDT-1 transcripts induced by dehydration and/or by ABA

treatment may be recognized by the cell as signal of stress and, with the formation

of double stranded RNA, these transcripts may be converted to small RNA which in

turn may control the expression of gene(s) responsible for desiccation tolerance in

C. plantagineum but thus far unknown. Interestingly, there is a functional link

between retrotransposition and increased level of small RNA transcription and thus

of desiccation tolerance: CDT-1 mRNA accumulates in wild-type plants only

Fig. 16.2 (a) Northern analysis showing the transcription of sense and antisense CDT-1 strands.

Total RNA was extracted from leaves of wild-type plants and from transformed callus expressing

CDT-1. (b) Northern analysis of low-molecular weight RNA hybridized with sense and antisense

21mers identified in the 30 region ofCDT-1 sequence. RNAwas isolated fromABA-treatedwild-type

callus (1), from transformed callus expressing CDT-1 (2), and from untreated wild-type callus (3).

(c) Real-time PCR measuring the level of transcription of the desiccation- and ABA-induced

C. plantagineum Lea genes pc-27-45, pc-6-19, and pc-11-24 (Bartels et al. 1990) in untransfected

callus-derived protoplasts (control), in protoplasts transfected with the 21mers identified in the 30 end
of CDT-1 sequence, and in protoplasts incubated with 10 mM ABA for 36 h. Error bars denote SE
(reproduced from Hilbricht et al. 2008, with permission)
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during dehydration (Furini et al. 1997) this implies that both the level of transcrip-

tion of retroelements—with potential small RNA activity—and their reinsertion

into the genome are environmentally controlled. Since plants do not have

Fig. 16.3 (a) Schematic representation of CDT-1 structure. (b) Ten sequenced CDT-1 genomic

clones. Regions a and d (as in a) represent the direct repeats flanking the CDT-1 element. Motifs

present in both regions are underlined. Region b represent the starting sequence of CDT-1 (only

clone 9 showed a shorter sequence). Region c represent the number of bp in the 30 poly(A) tail.
Colored bases in region a represent core motifs present in more than one clone. They made

it possible to reconstruct, at least in part, the temporal series of transposition as shown in c.

(c) Putative succession of transpositions starting from a common CDT-1 progenitor present in 10

genomic clones. Color letters indicate core motifs that are or have been parts of direct repeats. The

sequence at the start of region b, the number of base pairs in the 30 poly(A) (region c), and the type
of core motifs establish the succession of transposition events. (reproduced from Hilbricht et al.

2008, with permission)
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a sequestered germ line, new insertions of CDT-1 retroelement in the genome of

meristematic cell may contribute to increase desiccation tolerance in the progeny

providing that new copies of CDT-1 element can be transcribed under stress.

16.4 Conclusions and Implications

The almost complete invariance of theCDT-1 genomic clones is an unusual finding for

plant transposons (Kumar and Bennetzen 1999), as if selection acted to preserve this

retroelement and highlights the importance of maintaining the integrity of DNA

information necessary for CDT-1 transcription, double stranded and small RNA

synthesis and hence reinforcing the phenomenon of desiccation tolerance of vegeta-

tive tissues during period of drought stress. This mechanism offers an evolutionary

explanation of the interaction between environment and genome. In fact, it is well

known the expression of transposons under environmental stress, and the resulting

transposition is thought to increase the chances of inheritance by the next generation,

ensuring survival of the transposon (Slotkin and Martienssen 2007). But, what is

singular in the case ofCDT-1 transposon is that its transcription during environmental

stress has been selected, through evolution, to ensure plant desiccation tolerance: the

higher the transcription of the retrotransposon under severe water stress, the more

frequent its reinsertion into the genomewith increasing probability of being reinserted

in a DNA sequence capable of directing transcription under water stress condition.

The reiteration of these processes (transcription–reinsertion) over generations has

resulted in plants with an increased CDT copy number, which eventually triggers

the onset of desiccation tolerance (Martiensen 2008). Non-long terminal repeat

retrotransposons, such as CDT-1, are difficult to remove from the genome since they

undergo transposition but not excision or recombination between homologous long

terminal repeats. Therefore the trapping ofCDT-1 into the genome ofC. plantagineum
may explain the secret of eternal leaves.
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